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ABSTRACT
The Milky Way is one of the very few spiral galaxies known to host large-scale magnetic field reversals. The existence of the
field reversal in the first Galactic quadrant near the Sagittarius spiral arm has been well established, yet poorly characterized
due to the insufficient number of reliable Faraday depths (FDs) from extragalactic radio sources (EGSs) through this reversal
region. We have therefore performed broad-band (1–2 GHz) spectropolarimetric observations with the Karl G. Jansky Very Large
Array (VLA) to determine the FD values of 194 EGSs in the Galactic longitude range of 20◦–52◦ within ±5◦ from the Galactic
mid-plane, covering the Sagittarius arm tangent. This factor of five increase in the EGS FD density has led to the discovery of a
disparity in FD values across the Galactic mid-plane in the Galactic longitude range of 40◦–52◦. Combined with existing pulsar
FD measurements, we suggest that the Sagittarius arm can host an odd-parity disc field. We further compared our newly derived
EGS FDs with the predictions of three major Galactic magnetic field models, and concluded that none of them can adequately
reproduce our observational results. This has led to our development of new, improved models of the Milky Way disc magnetic
field that will serve as an important step towards major future improvements in Galactic magnetic field models.
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1 IN T RO D U C T I O N

The magnetic field is an essential constituent of the interstellar
medium. The ∼μG field present in galaxies is believed to have sub-
stantial effects on star formation, propagation of cosmic ray particles,
galactic outflows, and evolution of galaxies (e.g. Beck & Wielebinski
2013; Beck 2016). The study of the global magnetic field of the Milky
Way is particularly interesting, since we have a unique perspective
of its structure from within. It also allows us to attain a resolution in
physical scale that is challenging to match with studies of external
galaxies (e.g. Kierdorf et al. 2020; Lopez-Rodriguez et al. 2020).

The magnetic field of galaxies, including that of the Milky
Way, can be modelled as the sum of several components (see e.g.
Haverkorn 2015; Beck 2016). In terms of physical scales, the galactic
magnetic field can be roughly divided into a large-scale field with co-
herence length of the order of the size of the galaxy (∼1–10 kpc), and
a small-scale field with coherence length of � 0.1 kpc. Meanwhile,
the field can also be separated into components occupying different
spatial volumes: the disc component that dominates the galactic disc,
and the halo component that fills the galactic halo. The distinction
in magnetic field properties (such as the strength, geometry, and
coherence length) between these components is primarily due to
differences in their generation mechanisms.

The α–� dynamo is the leading theory for the ordering process
of the large-scale disc fields in galaxies (e.g. Ruzmaikin, Sokolov &
Shukurov 1988), and was developed from pioneering works in the
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1970s (e.g. Parker 1971; Stix 1975; White 1978). On the other
hand, the small-scale disc fields can be generated by a small-scale
dynamo (Kazantsev 1968, see also Beresnyak & Lazarian 2015)
or from the tangling of the large-scale field, both as the result of
violent astrophysical phenomena such as supernova explosions (e.g.
Norman & Ferrara 1996; Mac Low & Klessen 2004; Haverkorn et al.
2008) or galactic spiral shocks (e.g. Kim, Kim & Ostriker 2006).
The origin of the halo field is still under active debate. It could
have been generated by a dynamo in the galactic halo (Sokoloff &
Shukurov 1990), or it could have originally been the disc field and
was subsequently transported by galactic outflows to the halo (e.g.
Brandenburg et al. 1993; Heald 2012; Krause 2019).

One common way to measure the magnetic field of the Milky Way
is by radio polarization observations of background extragalactic
radio sources (EGSs, e.g. Simard-Normandin & Kronberg 1980;
Brown & Taylor 2001; Brown et al. 2007; Taylor, Stil & Sunstrum
2009; Stil, Taylor & Sunstrum 2011; Van Eck et al. 2011; Mao
et al. 2012). As the polarized emission propagates through the
foreground magneto-ionic medium, it can experience the Faraday
rotation effect, causing a change in the polarization position angle
(PA; [rad]) given by

�PA =
[

0.812
∫ 0

l

ne(s)B‖(s) ds

]
· λ2 ≡ FD · λ2, (1)

where l [pc] is the physical distance to the EGS, ne [cm−3],
and B� [μG] are the thermal electron number density and the
strength of the magnetic field projected along the line of sight (s),
respectively, λ [m] is the wavelength of the polarized emission,
and FD [rad m−2] is the Faraday depth of the EGS. The obtained
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FD values carry information about the foreground magnetic field
strength as well as its direction, with magnetic fields pointing
towards or away from the observer leading to positive or negative
FD values, respectively. Traditionally, the FD of a polarized source
is obtained from a linear fit to the measured PA in λ2 space, and
for such cases the FD is often referred to as the rotation measure
(RM)1 instead. This method implicitly assumes that the polarized
source is Faraday simple and emits at a single FD only. With the
advent of broad-band capabilities of radio telescopes, algorithms
that can uncover emission from multiple FDs such as RM-Synthesis
(Brentjens & de Bruyn 2005) and Stokes QU-fitting (Farnsworth,
Rudnick & Brown 2011; O’Sullivan et al. 2012) are becoming the
new standard for determining FD values of polarized target sources.

By measuring the FD values of numerous polarized sources behind
an astrophysical object of interest, one forms an FD grid that can be
utilized to measure the magnetic field structure of the foreground
object (e.g. Gaensler et al. 2005; Harvey-Smith, Madsen & Gaensler
2011; Van Eck et al. 2011; Mao et al. 2017; Betti et al. 2019; Shanahan
et al. 2019). Specifically for the Milky Way, the large-scale magnetic
field can be revealed by spatial averaging of EGS FD values at an
angular scale of ∼1◦ (e.g. Sun et al. 2008; Mao et al. 2010; Van
Eck et al. 2011; Mao et al. 2012). Similar studies of the Milky Way
magnetic field can be performed using Galactic pulsars as the back-
ground polarized sources (e.g. Thomson & Nelson 1980; Noutsos
et al. 2008; Han et al. 2018; Sobey et al. 2019), with the pulsars at
different distances offering a tomographic view of the structure of the
Galactic magnetic field. However, these studies are usually confined
to the Milky Way disc where the pulsar number density is high, and
are currently limited by the number of pulsars with both measured FD
values and reliably determined distances (e.g. Han 2017). There are
also recent efforts in exploiting nearby H II regions as depolarizing
screens to measure the magnetic field in the solar neighbourhood
from diffuse Galactic emission (Thomson et al. 2019).

It is generally agreed that the large-scale disc field of the Milky
Way is directed clockwise (CW) when viewed from the North
Galactic Pole, with at least one reversal of the field direction near
the Sagittarius spiral arm in the first Galactic quadrant (Simard-
Normandin & Kronberg 1980; Thomson & Nelson 1980; Rand &
Lyne 1994; Vallée 2005; Sun et al. 2008; Van Eck et al. 2011;
Jansson & Farrar 2012; Ordog et al. 2017; Han et al. 2018). Such
a magnetic field configuration is rarely seen among spiral galaxies
(see Krause, Beck & Hummel 1989; Beck & Wielebinski 2013; Beck
2016; Stein et al. 2019). It has been suggested by numerical simula-
tions (Moss et al. 2012; Moss & Sokoloff 2013) that such large-scale
magnetic field reversals can emerge from α–� dynamo and survive
for ∼Gyr, provided that the initial turbulent seed field is strong (close
to equipartition) and the α–� dynamo is efficient (e.g. from a strong
differential rotation). An accurate knowledge of the large-scale field
reversals of the Milky Way at the present epoch can allow us to trace
back the physical conditions of the Milky Way to its infancy stages
of the magnetic field evolution (see e.g. Moss & Sokoloff 2013).

However, the Milky Way magnetic field models in the literature
have not yet converged on the exact details of such large-scale field
reversals, including the number, location, field strength, and magnetic
pitch angle (see e.g. Haverkorn 2015, for summary). This is at least
partially due to the lack of reliable EGS FD measurements towards
Galactic volumes hosting such complex magnetic field structures. In

1To maintain a consistent notation, RM values from previous works are
referred to as FD throughout this paper.

this study, we contribute to this problem by increasing the number
of measured EGS FD values in a region of the Galactic disc.

We identified a sky region of 20◦–52◦ in Galactic longitude (�) and
within ±5◦ in Galactic latitude (b) that we will focus on in this study.
Part of this region intercepts the large-scale magnetic field reversal
region of the Sagittarius arm mentioned above. Our chosen region
has only 43 reliable FD measurements (one per 7.3 deg2) from Van
Eck et al. (2011), determined from legacy Very Large Array (VLA)
observations at 1.4 GHz in spectral line mode that mitigated the
nπ -ambiguity issue. Although in this same sky area there are 106
reported FD values (one per 3.0 deg2) from the Taylor et al. (2009)
catalogue, their FD values were deemed unreliable in this particular
sky region due to the nπ -ambiguity problem (Ma et al. 2019a). A
new, deep EGS FD grid is clearly necessary to unveil the complex
magnetic field structure in this sky region.

We performed broad-band spectropolarimetric observations in L
band (1–2 GHz) with the Karl G. Jansky VLA to determine the FD
values of 194 EGSs in our region, resulting in an EGS FD density
of one per 1.6 deg2. This is almost a factor of 5 increase from that of
Van Eck et al. (2011). Our goal is to carefully study the complex
Milky Way magnetic field structure there. We present the EGS
source selection criteria in Section 2, and describe the details of the
observations and data reduction procedures in Section 3. In Section 4,
we show our RM-Synthesis results, and interpret the newly derived
EGS FD values in Section 5. We conclude our findings in Section 6.

2 TA R G E T S O U R C E S E L E C T I O N C R I T E R I A

In this study, we focus on the large-scale magnetic field near the
Galactic mid-plane (|b| ≤ 5◦) in the Galactic longitude range of 20◦ ≤
� ≤ 52◦. This chosen region intercepts the large-scale magnetic field
reversal near the Sagittarius arm mentioned above in Section 1. The
lower limit in longitude was placed to exclude the complex Galactic
centre region (e.g. Roy, Pramesh Rao & Subrahmanyan 2008; Law,
Brentjens & Novak 2011; Paré et al. 2019, see also Haverkorn 2015;
Han 2017), while the upper limit joins the Canadian Galactic Plane
Survey (CGPS; Taylor et al. 2003) that has been used to derive FD
values for Galactic magnetism studies (Brown, Taylor & Jackel 2003;
Ordog et al. 2017). The imposed range of Galactic latitude ensures
a complete coverage of the Milky Way disc field – at a distance of
28.5 kpc to the far side of our Galaxy, |b| = 5◦ corresponds to a
Galactic height of |z| = 2.5 kpc, well covering the scale heights of
thermal electrons (≈1.3–1.8 kpc, Gaensler et al. 2008; Schnitzeler
2012) and the disc magnetic field (≈1–2 kpc, Jansson et al. 2009;
Kronberg & Newton-McGee 2011).

The target EGSs2 were selected using two criteria. First, we chose
sources from the original NVSS catalogue (Condon et al. 1998)
based on their listed polarization properties: debiased polarized
intensity (PI; Wardle & Kronberg 1974) of more than 4σ , and
polarization fraction (p) of more than 0.5 per cent. These ensure
that an adequate signal-to-noise (S/N) ratio in polarization can be
reached within a reasonable per-source integration time (�5 min),
and that unpolarized sources that falsely appear as polarized due to
residual off-axis instrumental polarization are not included. These
target sources will be referred to as the NVSS targets from hereon.
Secondly, we further included all EGSs in the Taylor et al. (2009)
catalogue that were not already selected as NVSS targets, and will
refer to them as the Taylor et al. (2009) targets.

2Known Galactic sources were identified and excluded from observations.
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While both the original NVSS and the Taylor et al. (2009)
catalogues were derived from the same NVSS data (Condon et al.
1998), they were processed differently and are therefore sensitive to
different populations of polarized EGSs. The original NVSS cata-
logue combined the two 42 MHz-wide sub-bands centred at 1364.9
and 1435.1 MHz, while the Taylor et al. (2009) catalogue processed
them independently. This makes the original NVSS more sensitive
to low-PI EGSs than Taylor et al. (2009) in general. However, for
the same reason the Taylor et al. (2009) catalogue is less susceptible
to bandwidth depolarization, with the observed PI reduced by more
than 50 per cent for sources with |FD| � 600 rad m−2. This is much
greater than the |FD| � 220 rad m−2 for the original NVSS catalogue.
In other words, the Taylor et al. (2009) catalogue is much more
sensitive to the high |FD| population, which is essential for our study
since the |FD| values of EGSs within our region of interest can reach
�600 rad m−2 (e.g. Van Eck et al. 2011). We note the recent discovery
of EGSs with extremely high |FD| (up to 4000 rad m−2) towards the
Sagittarius arm tangent that are believed to trace the compressed
warm ionized medium (Shanahan et al. 2019). This does not impact
our study here focusing on the Galactic-scale magnetic field, but must
be taken into account to obtain a complete picture of the magnetism
of the Milky Way (see Section 5.7).

Finally, we identified targets that lie within 2 arcmin from each
other. These close-by targets were grouped together and were then
observed by a single pointing to optimize the granted observing time.
We made sure that off-axis instrumental polarization did not affect
our final results (see Section 4).

3 O B S E RVAT I O N S A N D DATA R E D U C T I O N

We performed new broad-band spectropolarimetric observations of
the 176 on-axis targets using the VLA in L band (1–2 GHz) in D-
array configuration under project code 18A-332. The project was
divided into seven observing blocks executed on 2018 September
1–10. In all observing blocks, 3C 286 was observed and used as the
absolute flux, bandpass, and PA calibrators, while J1407+2827 was
chosen as the unpolarized on-axis leakage calibrator. Depending on
the observing block, either J1822–0938, J1859+1259, J1941+1026,
or J1942+1026 was used as the phase calibrator. The observations
totalled 15 h, with an integration time of 3–5 min on each on-axis
target.

The Common Astronomy Software Applications (CASA) package
(version 5.3.0; McMullin et al. 2007) was used for all data reduction
procedures. Measurement sets from the seven observing blocks were
independently calibrated. We first applied Hanning smoothing to
all visibility data in frequency space to remove the Gibbs phe-
nomenon. Corrupted data due to radio frequency interference (RFI)
or phase instabilities were then flagged. Afterwards, we performed
antenna position, delay, absolute flux, bandpass, complex gain, on-
axis instrumental polarization, and polarization PA calibrations.
Specifically, we followed the Perley & Butler (2013a, b) scales
for the flux density and PA of 3C 286, respectively. Finally, phase
self-calibration solutions were determined for each on-axis target
for one iteration, but were applied only if they led to significant
improvements in the image rms noise (reduction by more than
10 per cent).

The calibrated data from above were used to form channel images
of the on-axis targets in Stokes I, Q, and U across L band. We
binned visibility data in 4 MHz channels to form the channel images
instead of using the native 1 MHz channel width. This improved
the per-channel S/N ratio (by a factor of two) without significant
loss of information, as the Hanning smoothing procedure above

had already reduced the effective spectral resolution by a factor
of two. We formed the images using the CASA task TCLEAN,
adopting a Briggs visibilities weighting of robust = 0 (Briggs
1995) to balance between angular resolution and image rms noise.
Deconvolution of the dirty images was performed using the Clark
algorithm, and no further smoothing was applied to the resulting
channel images as we did not directly combine them. Lastly, primary
beam corrections were performed to all images. The typical angular
resolution of the images is 50 arcsec × 42 arcsec at 1.5 GHz,
and the typical rms noise of the channel images near pointing
centres in Stokes I, Q, and U are 4.3, 1.4, and 1.5 mJy beam−1,
respectively.

We further identified off-axis targets near our 176 on-axis targets
by consulting the NVSS catalogue (Condon et al. 1998). These off-
axis targets include, but are not limited to, the close-by targets
described at the end of Section 2. All sources that are within
5 arcmin from the pointing centres and have reported NVSS flux
densities of ≥ 20 mJy in Stokes I are considered. The primary beam
attenuation level is still close to unity at this 5 arcmin distance (0.86
at 2 GHz), and therefore the image rms noise level is still at an
acceptable level after the primary beam correction. Moreover, we do
not expect off-axis instrumental polarization to significantly alter the
astrophysical polarization signals within this 5 arcmin radius. This
has been carefully assessed to make sure that our conclusions are not
affected (see Section 4).

The images of each source were examined carefully, leading us
to discard 15 of the target sources (both on- and off-axis). These
sources were not confidently detected even in Stokes I, either
because they were too faint or they were affected by poor image
fidelity due to bright neighbouring sources. Furthermore, some of
the off-axis targets were not clearly spatially distinguished from
the corresponding on-axis targets in our images. For such cases,
we extracted their combined flux densities (in Stokes I, Q, and U)
below instead of separating them. We list both the discarded and
spatially blended sources in Appendix A in the Online Supporting
Information.

The flux densities of our target sources in Stokes I, Q, and U
were extracted by two different methods, depending on whether they
were spatially unresolved or extended. For unresolved sources, we
used the CASA task IMFIT to obtain the integrated flux densities.
Specifically, we used a 2D Gaussian function for each target and
frequency channel, with its size and orientation fixed to that of
the corresponding image’s synthesized beam. The source’s position
in each channel image in Stokes I was then fitted for, and this
position (along with size and orientation) was subsequently fixed
to obtain the integrated flux densities in Stokes I, Q, and U. For
extended sources, we first formed Stokes I images of them using
the entire usable L band with the multifrequency synthesis (MFS)
algorithm. Contours of 3σ level enclosing each of the extended
sources were then defined using the MFS images, and finally the flux
densities of the extended sources were extracted with these contours
using the CASA task IMSTAT. The Stokes I radio spectra of our
target sources are reported in Appendix B in the Online Supporting
Information.

4 ROTATI ON MEASURE SYNTHESI S R ES ULTS

Using the lists of Stokes I, Q, and U values across frequency for our
204 sources (171 on-axis plus 33 off-axis) described in Section 3, we
performed RM-Synthesis (Brentjens & de Bruyn 2005) to determine
the FD values of our target EGSs. A PYTHON implementation of RM-
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Table 1. RM-Synthesis results for on-axis targets.

Target source � b FDnew FDVE11 FDTSS09 pnew pTSS09 pNVSS

(NVSS) (◦) (◦) (rad m−2) (rad m−2) (rad m−2) (per cent) (per cent) (per cent)

J184415–131243 20.34 − 4.42 − 96.0 ± 2.4 – – 3.35 ± 0.13 – 2.54 ± 0.54
J181343–090743 20.49 +4.11 +11.6 ± 6.1 – – 4.42 ± 0.44 – 9.67 ± 2.19
J182038–094716 20.71 +2.29 – – – (0.02) – 0.58 ± 0.08
J183519–111559 21.08 − 1.59 − 60.4 ± 1.5 − 66 ± 12 − 23.4 ± 17.6 2.31 ± 0.06 3.02 ± 0.20 2.70 ± 0.22
J181851–090659 21.10 +3.00 +237.6 ± 2.5 – – 4.07 ± 0.16 – 2.13 ± 0.48
J181931–091059 21.12 +2.82 +186.5 ± 2.6 – +204.3 ± 12.5 4.81 ± 0.20 4.85 ± 0.28 2.17 ± 0.33
J183759–112627 21.23 − 2.25 − 91.0 ± 1.2 − 83 ± 4 − 75.7 ± 6.0 11.49 ± 0.23 10.10 ± 0.29 8.41 ± 0.47
J183220–103510 21.35 − 0.63 – – − 27.0 ± 10.4 (0.04) 1.01 ± 0.05 0.21 ± 0.07
J182443–092933 21.44 +1.54 +54.3 ± 3.6 – – 5.81 ± 0.34 – 3.52 ± 0.46
J184606–115808 21.66 − 4.26 − 182.1 ± 1.5 – − 206.1 ± 11.9 2.23 ± 0.05 1.72 ± 0.09 1.36 ± 0.08
J181419–073733 21.88 +4.69 +69.4 ± 2.6 – – 15.93 ± 0.68 – 12.15 ± 2.73
J184059–110139 21.93 − 2.72 − 19.6 ± 1.6 – – 3.91 ± 0.10 – 2.85 ± 0.51
J182503–085445 22.00 +1.74 +164.8 ± 1.1 – +148.0 ± 9.1 9.88 ± 0.18 9.37 ± 0.41 6.19 ± 0.61
J182542–083723 22.33 +1.73 +42.9 ± 1.9 +40 ± 13 +56.3 ± 11.9 3.25 ± 0.10 2.49 ± 0.15 2.58 ± 0.19
J183942–101038 22.54 − 2.05 +127.8 ± 1.9 – +146.9 ± 14.1 8.87 ± 0.27 7.97 ± 0.52 6.96 ± 0.82
J184750–110658 22.61 − 4.25 − 47.2 ± 1.3 – − 71.2 ± 7.7 7.32 ± 0.15 6.80 ± 0.25 5.87 ± 0.33
J184911–111241 22.68 − 4.59 − 0.7 ± 2.6 – – 2.24 ± 0.09 – 2.14 ± 0.33
J182530–080945 22.71 +1.99 − 150.1 ± 4.4 – – 3.30 ± 0.23 – 1.83 ± 0.39
J184812–105133 22.88 − 4.22 +33.5 ± 2.4 – – 16.61 ± 0.65 – 10.79 ± 2.47
J184552–103126 22.93 − 3.56 − 1.2 ± 1.7 – – 13.08 ± 0.37 – 4.23 ± 0.93
J181949–065524 23.15 +3.81 +126.1 ± 4.7 – +77.4 ± 19.4 2.44 ± 0.18 2.10 ± 0.17 1.28 ± 0.25
J182537–073729 23.20 +2.21 − 58.0 ± 1.3 − 62 ± 13 − 81.1 ± 13.7 2.20 ± 0.05 2.18 ± 0.13 1.92 ± 0.19
J182431–072714 23.23 +2.53 +27.7 ± 1.0 – +13.9 ± 5.7 6.43 ± 0.11 6.88 ± 0.18 6.05 ± 0.30
J182920–073400
 23.68 +1.42 +360.4 ± 3.0 – +332.6 ± 16.6 7.48 ± 0.37 7.03 ± 0.49 − 0.30 ± 0.77
J184644–094654 23.68 − 3.41 +90.5 ± 1.7 – +96.5 ± 10.1 5.60 ± 0.16 5.13 ± 0.25 4.30 ± 0.30
J184547–093821 23.70 − 3.14 +190.4 ± 6.3 – – 5.60 ± 0.57 – 2.16 ± 0.36
J183052–074402
 23.71 +1.01 +517.8 ± 1.8 – +518.1 ± 18.9 11.37 ± 0.33 6.90 ± 0.60 3.61 ± 1.08
J182043–062415 23.71 +3.86 − 14.3 ± 2.3 – – 6.41 ± 0.24 – 6.51 ± 0.79
J185239–101324 23.95 − 4.91 +65.5 ± 1.5 – +45.8 ± 9.5 4.35 ± 0.11 5.84 ± 0.22 5.97 ± 0.76
J183902−083023† 
 23.95 − 1.14 +526.6 ± 0.4 – − 119.6 ± 5.5 12.63 ± 0.09 8.40 ± 0.22 6.67 ± 0.42
J182104–060915 23.98 +3.90 − 6.0 ± 4.2 – – 4.44 ± 0.30 – 3.71 ± 0.54
J183321–073121
 24.18 +0.56 +776.8 ± 3.1 – – 1.23 ± 0.06 – 0.69 ± 0.13
J183409–071802
 24.47 +0.49 – – − 10.0 ± 4.4 (0.02) 0.85 ± 0.02 0.16 ± 0.05
J185030–090659 24.70 − 3.94 +172.0 ± 0.8 – +151.3 ± 5.7 6.53 ± 0.09 5.65 ± 0.15 3.15 ± 0.19
J184249−075604† 
 24.89 − 1.71 +935.2 ± 2.0 – +160.8 ± 5.2 6.18 ± 0.20 2.13 ± 0.06 0.62 ± 0.06
J182351–052429 24.96 +3.63 +17.4 ± 5.3 – – 7.32 ± 0.63 – 11.46 ± 1.49
J182111–050219 24.98 +4.39 +186.8 ± 6.2 – – 2.02 ± 0.20 – 1.19 ± 0.20
J184629–081333
 25.05 − 2.65 +476.1 ± 1.0 +491 ± 8 – 6.09 ± 0.10 – 2.13 ± 0.40
J182013–042541 25.41 +4.89 +68.9 ± 1.0 – +59.9 ± 5.5 5.04 ± 0.08 4.19 ± 0.11 4.35 ± 0.18
J184511–060146
 26.85 − 1.36 +117.4 ± 2.3 – – 7.61 ± 0.29 – 4.67 ± 0.84
J183253–042628
 26.86 +2.09 +188.8 ± 1.7 – – 3.60 ± 0.10 – 2.06 ± 0.40
J182634–030927 27.27 +4.08 +225.5 ± 1.7 – +164.7 ± 9.5 3.96 ± 0.11 3.42 ± 0.14 1.84 ± 0.18
J183847–040042
 27.92 +0.98 +312.3 ± 0.6 – +287.1 ± 8.2 4.08 ± 0.04 2.82 ± 0.08 0.54 ± 0.09
J183400–030340
 28.22 +2.48 +162.8 ± 9.7 – – 0.33 ± 0.05 – 0.71 ± 0.16
J185054–050942
 28.27 − 2.23 +583.9 ± 1.1 +577 ± 10 – 4.48 ± 0.08 – 2.14 ± 0.25
J184415–041757
 28.29 − 0.36 +51.8 ± 7.1 – – 0.41 ± 0.05 – 0.83 ± 0.17
J185523–053804
 28.36 − 3.44 +173.7 ± 1.2 – – 12.03 ± 0.23 – 6.16 ± 1.00
J183652–024606
 28.81 +1.97 +571.5 ± 2.8 – – 1.06 ± 0.05 – 0.99 ± 0.24
J185744–052527 28.81 − 3.87 +232.7 ± 1.5 – +222.8 ± 13.5 11.12 ± 0.27 9.14 ± 0.68 3.64 ± 0.62
J183939–030047
 28.91 +1.24 +675.0 ± 0.8 – +639.4 ± 10.7 9.59 ± 0.13 4.41 ± 0.22 5.03 ± 0.47
J183717–015034 29.68 +2.30 +307.8 ± 0.9 – +284.2 ± 9.1 3.53 ± 0.05 1.90 ± 0.08 0.39 ± 0.15
J182900–002018 30.07 +4.84 − 56.8 ± 3.3 – – 2.00 ± 0.11 – 1.67 ± 0.34
J184124–015255 30.11 +1.37 +20.4 ± 2.0 – +338.7 ± 10.7 0.87 ± 0.03 1.10 ± 0.06 0.22 ± 0.14
J183840–012957 30.14 +2.16 +345.9 ± 1.1 – +326.6 ± 7.1 6.56 ± 0.11 8.33 ± 0.25 0.38 ± 0.38
J183551–005941 30.27 +3.01 +157.2 ± 0.7 – +152.5 ± 11.6 6.94 ± 0.08 5.65 ± 0.28 3.54 ± 0.35
J190014–033504 30.74 − 3.59 +554.9 ± 1.8 – – 3.05 ± 0.09 – 1.42 ± 0.34
J184959–013256 31.39 − 0.38 +216.9 ± 3.5 – − 7.5 ± 9.9 0.37 ± 0.02 0.77 ± 0.03 0.25 ± 0.04
J183838+000858 31.60 +2.92 +115.3 ± 1.8 – – 3.56 ± 0.10 – 2.34 ± 0.38
J183418+004852 31.70 +4.18 +80.3 ± 0.6 – +58.6 ± 6.4 6.82 ± 0.07 7.44 ± 0.23 6.73 ± 0.45
J183931+001447 31.79 +2.76 +216.7 ± 1.8 – – 8.97 ± 0.26 – 5.17 ± 0.86
J183307+011535 31.97 +4.65 +372.7 ± 1.3 – +315.4 ± 11.7 1.66 ± 0.03 1.97 ± 0.10 0.23 ± 0.14
J183437+010519 31.98 +4.24 +72.3 ± 1.5 – – 5.61 ± 0.14 – 3.59 ± 0.70
J185822–013654 32.28 − 2.28 +558.3 ± 2.1 – – 1.12 ± 0.04 – 0.68 ± 0.15
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Table 1 – continued

Target source � b FDnew FDVE11 FDTSS09 pnew pTSS09 pNVSS

(NVSS) (◦) (◦) (rad m−2) (rad m−2) (rad m−2) (per cent) (per cent) (per cent)

J184704–000446 32.36 +0.93 +64.3 ± 1.8 – +54.1 ± 15.3 2.34 ± 0.07 2.11 ± 0.13 2.21 ± 0.24
J190833–023000 32.65 − 4.95 +124.2 ± 1.7 – – 3.21 ± 0.09 – 1.92 ± 0.39
J183511+014620 32.66 +4.42 +209.7 ± 0.3 – +196.9 ± 4.4 9.74 ± 0.05 6.29 ± 0.14 3.53 ± 0.18
J183337+020355 32.74 +4.91 +194.0 ± 6.7 – – 0.27 ± 0.03 – 0.87 ± 0.15
J184821+001108 32.75 +0.77 − 145.7 ± 1.3 – − 107.2 ± 5.2 5.17 ± 0.11 11.26 ± 0.32 11.32 ± 0.64
J185351–002508† 32.84 − 0.73 +374.7 ± 0.8 – − 341.3 ± 10.0 6.22 ± 0.08 4.62 ± 0.22 − 0.11 ± 0.34
J185751–004817† 32.95 − 1.80 +737.6 ± 4.2 – − 26.6 ± 10.8 0.37 ± 0.03 1.94 ± 0.10 0.49 ± 0.09
J190042–005151 33.22 − 2.46 +411.3 ± 1.3 – +373.4 ± 19.6 3.46 ± 0.07 2.63 ± 0.22 0.90 ± 0.29
J190407–011342 33.29 − 3.38 +278.0 ± 1.1 – +211.4 ± 12.3 3.57 ± 0.06 3.28 ± 0.19 1.05 ± 0.24
J185146+003532 33.50 +0.19 − 274.0 ± 0.6 – − 313.1 ± 3.4 2.82 ± 0.03 3.02 ± 0.05 0.84 ± 0.09
J190832–011929 33.70 − 4.41 +188.2 ± 1.8 – – 4.86 ± 0.14 – 3.16 ± 0.64
J184755+012221 33.75 +1.41 +138.0 ± 3.8 – – 3.93 ± 0.24 – 4.26 ± 0.67
J185857+000727 33.90 − 1.61 +268.3 ± 1.4 – +240.5 ± 10.6 4.74 ± 0.11 3.79 ± 0.18 0.82 ± 0.28
J190017+000355 34.00 − 1.94 +547.1 ± 1.1 – – 2.08 ± 0.04 – 0.85 ± 0.18
J184435+020933 34.07 +2.51 +43.5 ± 2.7 – – 7.25 ± 0.32 – 7.14 ± 1.13
J190831–004855 34.16 − 4.17 − 14.9 ± 2.5 – – 7.77 ± 0.31 – 6.70 ± 1.57
J191010–005622 34.23 − 4.60 − 54.7 ± 2.6 – – 8.62 ± 0.37 – 8.44 ± 2.11
J190532–000941 34.40 − 3.21 +126.8 ± 1.3 – +114.7 ± 11.9 4.70 ± 0.10 5.30 ± 0.31 4.47 ± 0.47
J190559+000721 34.70 − 3.18 +20.6 ± 1.7 – – 2.97 ± 0.08 – 2.50 ± 0.40
J190655+000339 34.75 − 3.42 +8.8 ± 2.5 – – 5.41 ± 0.22 – 9.41 ± 2.13
J190741+000038 34.80 − 3.61 − 73.1 ± 0.8 – − 74.2 ± 13.1 5.37 ± 0.07 4.37 ± 0.33 4.17 ± 0.32
J183848+040424 35.13 +4.66 +146.0 ± 1.3 – +129.8 ± 16.1 2.57 ± 0.05 1.15 ± 0.09 0.57 ± 0.10
J185515+021054† 35.31 +0.15 +92.2 ± 1.7 – − 553.2 ± 12.5 10.79 ± 0.30 6.38 ± 0.41 7.25 ± 0.69
J191133+001449 35.45 − 4.36 − 38.3 ± 2.0 – – 6.24 ± 0.20 – 5.37 ± 0.82
J190426+011036 35.46 − 2.36 − 68.4 ± 2.4 – – 4.87 ± 0.19 – 6.35 ± 1.18
J185114+025939 35.57 +1.41 +177.3 ± 1.4 +175 ± 19 +34.6 ± 14.1 1.75 ± 0.04 4.46 ± 0.30 1.17 ± 0.12
J184320+040256 35.62 +3.65 +31.1 ± 2.0 – – 4.08 ± 0.14 – 3.36 ± 0.59
J190944+005558 35.85 − 3.65 +35.7 ± 3.3 – – 3.56 ± 0.19 – 3.63 ± 0.67
J191417+002421 35.91 − 4.90 − 20.3 ± 1.8 – – 16.25 ± 0.46 – 7.76 ± 1.60
J190712+012709 36.02 − 2.84 +193.6 ± 0.7 – +134.7 ± 9.4 2.69 ± 0.03 1.68 ± 0.08 0.91 ± 0.11
J185213+033255† 36.18 +1.44 +185.7 ± 0.9 +188 ± 7 − 458.4 ± 8.7 7.03 ± 0.10 5.89 ± 0.22 3.63 ± 0.27
J185837+024518 36.20 − 0.34 +161.3 ± 2.8 +132 ± 11 – 5.63 ± 0.26 – 3.21 ± 0.67
J184500+043812 36.33 +3.54 +2.9 ± 2.0 – – 14.33 ± 0.47 – 9.34 ± 1.60
J184604+043450 36.40 +3.28 +34.8 ± 3.0 – – 6.92 ± 0.33 – 4.39 ± 0.70
J185802+031316† 36.55 +0.00 +424.1 ± 0.3 – − 241.0 ± 3.6 4.75 ± 0.03 2.17 ± 0.03 0.79 ± 0.05
J185306+044052† 37.29 +1.76 +294.2 ± 0.8 – − 367.1 ± 10.6 14.53 ± 0.20 11.22 ± 0.61 3.24 ± 1.19
J184718+055022 37.67 +3.57 +123.4 ± 6.4 – – 3.09 ± 0.32 – 5.43 ± 1.18
J184438+062651 37.91 +4.44 +200.6 ± 2.1 – +179.0 ± 16.1 5.32 ± 0.18 4.34 ± 0.31 2.16 ± 0.34
J191406+025549 38.13 − 3.70 +545.8 ± 3.1 – – 5.30 ± 0.27 – 3.09 ± 0.78
J184432+064257 38.14 +4.58 +213.7 ± 0.5 – +183.7 ± 6.3 2.75 ± 0.02 2.47 ± 0.07 1.35 ± 0.08
J185513+052158† 38.14 +1.60 +369.9 ± 0.9 – − 325.5 ± 10.5 7.68 ± 0.12 6.29 ± 0.31 − 0.16 ± 0.52
J184919+063211 38.52 +3.44 +21.9 ± 2.4 – – 12.72 ± 0.49 – 9.67 ± 2.35
J191325+034308† 38.76 − 3.18 +348.1 ± 1.2 – − 331.6 ± 5.3 4.84 ± 0.09 7.45 ± 0.18 − 0.12 ± 0.27
J191849+030442 38.81 − 4.67 +70.3 ± 2.0 – − 66.1 ± 18.0 1.48 ± 0.05 2.01 ± 0.17 0.29 ± 0.13
J184753+071538 39.00 +4.09 +181.0 ± 1.9 – +169.6 ± 15.7 3.95 ± 0.12 4.75 ± 0.33 3.86 ± 0.47
J190343+055256 39.56 − 0.04 +445.6 ± 2.9 – – 1.10 ± 0.05 – 0.76 ± 0.12
J190043+064546† 40.01 +1.03 +384.4 ± 1.1 +380 ± 5 − 252.3 ± 13.4 7.69 ± 0.13 6.30 ± 0.39 1.70 ± 0.46
J191725+044236 40.10 − 3.61 +83.5 ± 1.5 +107 ± 14 – 2.94 ± 0.07 – 1.97 ± 0.33
J192049+042052 40.17 − 4.52 +77.3 ± 1.2 – – 5.68 ± 0.11 – 3.41 ± 0.34
J190734+060446† 40.18 − 0.80 +409.6 ± 0.9 – − 226.7 ± 15.2 4.11 ± 0.06 2.84 ± 0.19 0.79 ± 0.22
J191840+043932 40.20 − 3.91 − 18.9 ± 5.1 – – 6.32 ± 0.52 – 9.23 ± 2.24
J184731+090047 40.53 +4.96 +228.0 ± 1.0 – +211.7 ± 8.2 10.07 ± 0.16 10.71 ± 0.40 3.54 ± 0.68
J192258+044354 40.76 − 4.82 +125.2 ± 2.2 – – 6.65 ± 0.24 – 2.89 ± 0.72
J192243+045126 40.84 − 4.71 +129.7 ± 1.7 – – 0.83 ± 0.02 – 0.59 ± 0.08
J191310+064158 41.37 − 1.75 +17.5 ± 3.3 – – 4.30 ± 0.23 – 3.34 ± 0.75
J184951+094850 41.51 +4.81 +567.5 ± 1.4 – – 7.45 ± 0.17 – 2.74 ± 0.62
J191917+061942 41.75 − 3.27 +35.6 ± 2.6 +53 ± 32 – 1.48 ± 0.06 – 1.20 ± 0.23
J190614+084226 42.36 +0.70 +125.6 ± 2.8 – – 7.03 ± 0.31 – 7.16 ± 1.39
J185557+102011 42.66 +3.70 +570.2 ± 2.0 – – 1.13 ± 0.04 – 0.72 ± 0.16
J192233+071048 42.88 − 3.59 +196.8 ± 4.0 +78 ± 20 – 1.67 ± 0.11 – 2.14 ± 0.45
J190741+090717 42.90 +0.57 +706.5 ± 0.9 +703 ± 12 – 3.52 ± 0.05 – 1.51 ± 0.13
J192245+073933 43.33 − 3.40 +231.1 ± 2.1 – +187.9 ± 16.3 5.10 ± 0.18 6.46 ± 0.42 2.96 ± 1.04
J192820+070355 43.46 − 4.91 +45.6 ± 3.5 – – 2.21 ± 0.13 – 1.97 ± 0.35
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Table 1 – continued

Target source � b FDnew FDVE11 FDTSS09 pnew pTSS09 pNVSS

(NVSS) (◦) (◦) (rad m−2) (rad m−2) (rad m−2) (per cent) (per cent) (per cent)

J191906+081920 43.49 − 2.30 +220.5 ± 0.9 +229 ± 6 +191.5 ± 15.7 9.85 ± 0.15 8.82 ± 0.62 4.31 ± 0.69
J185728+111021 43.57 +3.75 +524.1 ± 0.6 – – 11.04 ± 0.11 – 3.12 ± 0.53
J191641+090147 43.84 − 1.44 +509.9 ± 2.1 +505 ± 6 – 14.29 ± 0.49 – 7.99 ± 1.70
J185952+112514 44.06 +3.34 +660.8 ± 2.6 +655 ± 7 – 6.17 ± 0.26 – 2.55 ± 0.57
J190323+112905† 44.51 +2.60 +833.6 ± 0.3 +831 ± 3 +141.3 ± 7.4 17.21 ± 0.08 4.52 ± 0.19 3.56 ± 0.26
J192840+084849† 45.04 − 4.15 +528.1 ± 1.0 – − 153.4 ± 16.1 2.63 ± 0.04 1.59 ± 0.10 1.56 ± 0.15
J192355+094424 45.31 − 2.68 +298.3 ± 1.5 – +282.2 ± 8.7 4.20 ± 0.10 4.29 ± 0.19 0.69 ± 0.23
J185923+125912 45.41 +4.15 +263.6 ± 0.4 – +154.3 ± 2.6 1.88 ± 0.01 1.46 ± 0.02 0.57 ± 0.03
J191005+114748† 45.54 +1.28 +844.7 ± 0.9 – +149.5 ± 11.4 4.41 ± 0.07 1.46 ± 0.07 0.67 ± 0.18
J191000+122524 46.09 +1.59 +771.1 ± 2.4 +783 ± 11 – 3.60 ± 0.14 – 1.31 ± 0.30
J192922+095808† 46.14 − 3.76 +19.6 ± 0.6 +24 ± 6 +686.6 ± 7.0 4.59 ± 0.04 3.73 ± 0.12 5.40 ± 0.21
J191733+114215† 46.31 − 0.38 − 123.8 ± 1.5 − 117 ± 8 +529.2 ± 11.6 6.67 ± 0.16 7.98 ± 0.43 7.75 ± 0.72
J190501+132047 46.35 +3.09 +588.0 ± 1.0 +575 ± 10 – 4.93 ± 0.08 – 1.90 ± 0.28
J193434+104340 47.43 − 4.52 − 288.8 ± 4.5 – – 1.31 ± 0.10 – 1.62 ± 0.40
J190247+145137† 47.46 +4.26 +540.8 ± 1.5 – − 143.1 ± 14.7 4.51 ± 0.11 4.15 ± 0.25 2.64 ± 0.35
J193357+105642 47.54 − 4.28 − 158.6 ± 1.2 – – 4.31 ± 0.08 – 2.56 ± 0.37
J191025+140125† 47.56 +2.24 +541.3 ± 1.5 – − 125.1 ± 5.9 3.54 ± 0.08 9.29 ± 0.23 8.24 ± 0.65
J192540+122738 47.91 − 1.77 +65.4 ± 2.6 +63 ± 12 – 1.80 ± 0.08 – 2.23 ± 0.44
J190451+152148† 48.13 +4.05 +545.6 ± 0.4 – − 117.1 ± 5.1 4.14 ± 0.03 2.10 ± 0.05 1.65 ± 0.09
J190414+153638 48.28 +4.29 +662.7 ± 1.8 – – 2.09 ± 0.06 – 1.03 ± 0.18
J192458+130033 48.31 − 1.36 +524.5 ± 6.3 +435 ± 8 – 1.86 ± 0.19 – 1.78 ± 0.43
J190655+152342† 48.39 +3.62 +636.8 ± 0.5 +629 ± 4 − 37.5 ± 10.1 12.52 ± 0.10 7.27 ± 0.34 6.66 ± 0.46
J193335+120844 48.56 − 3.62 − 34.5 ± 2.5 – – 7.90 ± 0.32 – 4.91 ± 1.10
J190355+160147† 48.62 +4.55 +439.8 ± 0.6 – − 240.1 ± 12.9 5.98 ± 0.06 3.89 ± 0.21 1.75 ± 0.27
J191644+150349† 49.19 +1.37 +534.5 ± 0.9 +541 ± 10 − 145.5 ± 8.8 3.17 ± 0.05 2.36 ± 0.10 1.85 ± 0.13
J192517+135919 49.21 − 0.97 +450.9 ± 2.1 +470 ± 7 +442.5 ± 3.6 3.70 ± 0.13 3.78 ± 0.06 1.19 ± 0.09
J190516+163706† 49.30 +4.53 +489.8 ± 0.9 – − 219.6 ± 9.2 3.72 ± 0.05 2.19 ± 0.11 1.55 ± 0.13
J193302+131335 49.44 − 2.98 − 74.3 ± 0.7 – − 76.7 ± 4.9 4.20 ± 0.05 3.03 ± 0.07 2.98 ± 0.19
J191133+161431† 49.65 +3.02 +616.0 ± 1.4 – +7.4 ± 14.7 1.67 ± 0.04 1.03 ± 0.06 0.37 ± 0.09
J191158+161147 49.66 +2.91 +711.8 ± 1.3 – – 1.31 ± 0.03 – 0.86 ± 0.13
J190901+163944† 49.75 +3.75 +446.5 ± 0.5 +451 ± 10 − 235.4 ± 7.9 3.49 ± 0.03 2.71 ± 0.10 1.28 ± 0.12
J191219+161628† 49.77 +2.87 +751.2 ± 0.6 +751 ± 8 +41.7 ± 8.2 5.45 ± 0.05 2.23 ± 0.09 1.86 ± 0.13
J192835+142156 49.92 − 1.49 +127.7 ± 3.6 – – 12.67 ± 0.74 – 14.25 ± 2.27
J192910+141952 49.96 − 1.63 +125.0 ± 1.6 – – 8.73 ± 0.23 – 6.06 ± 0.73
J191649+155836† 50.00 +1.77 +393.6 ± 0.8 – − 284.9 ± 6.7 6.04 ± 0.08 5.21 ± 0.15 0.76 ± 0.23
J191549+160834 50.04 +2.06 +471.6 ± 1.2 +482 ± 7 – 5.81 ± 0.11 – 2.44 ± 0.42
J194012+125809 50.06 − 4.64 − 157.2 ± 2.3 – − 142.3 ± 11.5 2.65 ± 0.10 4.42 ± 0.24 3.04 ± 0.41
J191414+163640† 50.28 +2.62 +556.9 ± 0.8 +556 ± 8 − 123.7 ± 15.9 4.80 ± 0.07 3.16 ± 0.25 2.85 ± 0.25
J192439+154043† 50.63 − 0.03 +420.1 ± 0.6 – − 178.8 ± 14.9 5.27 ± 0.05 1.74 ± 0.10 0.29 ± 0.16
J193939+134604 50.70 − 4.13 − 186.4 ± 3.1 – – 3.43 ± 0.17 – 3.28 ± 0.72
J192032+162557 50.82 +1.20 +533.9 ± 1.3 +543 ± 6 – 9.79 ± 0.21 – 5.14 ± 0.81
J192203+162243† 50.95 +0.85 +457.2 ± 1.2 +466 ± 9 − 228.1 ± 10.7 3.78 ± 0.07 2.89 ± 0.16 1.30 ± 0.24
J193306+145624 50.95 − 2.17 +146.5 ± 1.9 +186 ± 15 +137.0 ± 11.8 2.29 ± 0.06 2.10 ± 0.11 1.68 ± 0.16
J193321+150446† 51.10 − 2.16 +353.4 ± 2.6 – − 238.9 ± 14.3 1.15 ± 0.05 1.39 ± 0.09 –
J193052+153235 51.22 − 1.41 +139.6 ± 1.5 +196 ± 22 – 1.44 ± 0.03 – 1.30 ± 0.09

Notes: FDnew and pnew from this work; FDVE11 from Van Eck et al. (2011); FDTSS09 and pTSS09 from Taylor et al. (2009); and pNVSS from Condon et al. (1998).

Situated behind the prominent H II structure G26.5.
†Suffers from nπ -ambiguity in Taylor et al. (2009).

Synthesis in CIRADA-TOOLS3 was used. We used q = Q/I and u = U/I
as the inputs to remove the effect of spectral index (this implicitly
assumes that the total intensity and linear polarization originates
from the same emission volume; see Schnitzeler & Lee 2017;
Schnitzeler 2018), and adopted a normalized inverse noise variance
weighting function (e.g. Schnitzeler & Lee 2017) to produce dirty
Faraday spectra within |FD| ≤ 2000 rad m−2 at steps of 2 rad m−2.
Deconvolution of the dirty spectra were subsequently performed with
the RM-Clean algorithm (e.g. Heald, Braun & Edmonds 2009) until

3Available on https://github.com/CIRADA-Tools/RM.

the residual spectra fell below 6σ . With our observational setup, the
resolution of the Faraday spectrum, the maximum detectable scale,
and the maximum detectable FD are (equations 61–63 in Brentjens &
de Bruyn 2005)

δFD0 ≈ 2
√

3

�λ2
≈ 123 rad m−2, (2)

max-scale ≈ π

λ2
min

≈ 144 rad m−2, and (3)

||FDmax|| ≈
√

3

δλ2
≈ (6–20) × 103 rad m−2, (4)

respectively. The quoted range for ||FDmax|| represents the difference
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Table 2. RM-Synthesis results for off-axis targets.

Target Source � b FDnew pnew pNVSS

(NVSS) (◦) (◦) (rad m−2) (per cent) (per cent)

J183756–112202 21.28 − 2.21 – (0.77) 2.11 ± 2.65
J184555–115813 21.64 − 4.22 − 126.1 ± 2.7 13.74 ± 0.60 2.32 ± 2.64
J182535–083948 22.28 +1.74 +4.8 ± 7.3 9.39 ± 1.12 0.91 ± 2.26
J183931–101336 22.48 − 2.03 +141.2 ± 7.5 2.50 ± 0.31 − 0.57 ± 0.90
J184906–111430 22.64 − 4.59 +42.2 ± 4.3 5.40 ± 0.38 − 0.56 ± 1.49
J184808–105535 22.82 − 4.23 +16.9 ± 4.0 7.08 ± 0.46 2.28 ± 2.72
J184541–093643 23.72 − 3.10 +190.3 ± 1.9 2.74 ± 0.08 1.14 ± 2.13
J185027–091037 24.64 − 3.96 +98.0 ± 5.9 0.70 ± 0.07 0.62 ± 0.21
J182058–050223 24.95 +4.44 +67.4 ± 3.4 4.79 ± 0.26 0.53 ± 0.28
J184617–081126
 25.05 − 2.59 +620.3 ± 6.1 4.46 ± 0.44 1.65 ± 1.48
J182644–030952 27.29 +4.04 +250.3 ± 8.7 4.85 ± 0.69 − 0.75 ± 1.64
J183414–030119
 28.28 +2.44 +481.0 ± 0.9 4.28 ± 0.06 0.69 ± 0.23
J183701–015140 29.63 +2.36 +307.9 ± 6.8 1.48 ± 0.16 0.32 ± 0.48
J183827–013111 30.10 +2.19 +290.1 ± 3.2 10.03 ± 0.53 − 0.21 ± 2.53
J183603–005747 30.32 +2.98 +34.3 ± 4.4 1.84 ± 0.13 1.58 ± 0.71
J183415+004451 31.64 +4.16 +52.0 ± 6.9 2.51 ± 0.28 1.85 ± 0.93
J183935+001547 31.81 +2.76 +167.0 ± 2.7 6.37 ± 0.28 2.02 ± 0.81
J183433+010127 31.92 +4.22 – (0.49) 0.33 ± 2.33
J185807–004834 32.97 − 1.86 – (0.19) 0.77 ± 2.25
J190832–005319 34.09 − 4.21 +7.0 ± 3.8 11.89 ± 0.73 − 1.15 ± 9.39
J190721+012341 35.99 − 2.90 +106.3 ± 7.5 2.06 ± 0.22 − 0.52 ± 1.83
J185222+033347 36.21 +1.42 +162.9 ± 7.3 5.46 ± 0.65 − 0.09 ± 2.03
J191833+043928 40.18 − 3.88 +88.6 ± 4.8 6.45 ± 0.50 0.73 ± 1.99
J190616+083858 42.31 +0.67 – (0.25) 0.74 ± 1.18
J192802+070219 43.40 − 4.85 +131.3 ± 2.7 8.07 ± 0.36 –
J191630+090223 43.83 − 1.39 +544.0 ± 2.6 6.63 ± 0.28 2.71 ± 1.06
J190319+112950 44.51 +2.62 +787.0 ± 2.6 2.15 ± 0.09 0.65 ± 0.24
J190235+145023 47.41 +4.30 +549.9 ± 3.8 3.94 ± 0.24 1.46 ± 1.01
J190653+152650 48.43 +3.65 +506.9 ± 4.9 1.99 ± 0.16 − 0.10 ± 0.66
J193328+120953 48.56 − 3.59 − 96.8 ± 3.2 12.87 ± 0.67 2.16 ± 2.40
J192030+162333 50.78 +1.19 – (0.51) 1.72 ± 2.66
J192032+162429 50.80 +1.19 – (0.52) 1.57 ± 1.92
J192157+162501 50.97 +0.89 – (0.08) − 0.22 ± 0.39

Notes: None of these sources are listed in Taylor et al. (2009) or Van Eck et al. (2011).
FDnew and pnew from this work; and pNVSS from Condon et al. (1998).

Situated behind the prominent H II structure G26.5.

in widths of the 4 MHz channels in λ2 space at the two ends of the
usable L band. As an additional check, we formed another set of
Faraday spectra within |FD| ≤ 20000 rad m−2 to make sure that we
did not miss any polarized components with |FD| > 2000 rad m−2.

The Faraday spectra (amplitudes; ||F||) are presented in Ap-
pendix C in the Online Supporting Information. We only considered
polarized components that are above 6σ in polarization fraction,
and disregarded signals below this cutoff as manifestations of
polarization bias (see e.g. George, Stil & Keller 2012). The FD and p
values of our target sources were obtained by fitting a second-order
polynomial to the highest peak in ||F|| of each source (e.g. Heald et al.
2009; Mao et al. 2010; Betti et al. 2019). Specifically, we fitted to the
seven data points nearest to the highest peak, with the FD uncertainty
calculated by δFD0

2·(S/N) (e.g. Mao et al. 2010; Iacobelli, Haverkorn &
Katgert 2013). We did not correct for the Ricean polarization bias
since we do not expect it to have significant effects for our case with
S/N > 6 (Wardle & Kronberg 1974; George et al. 2012). All these
results from our new VLA observations (FDnew and pnew), along with
their counterparts in the original NVSS catalogue (pNVSS), the Taylor
et al. (2009) catalogue (FDTSS09 and pTSS09), and Van Eck et al.
(2011) observations (FDVE11) are listed in Tables 1 and 2 for on- and
off-axis targets, respectively. We found that three on-axis and seven
off-axis sources are unpolarized in our new observations (i.e. pnew

below our 6σ cut-off). The 1σ values in pnew of these sources are
reported within parentheses in the two tables. In total, we derived the
FD values of 194 polarized EGSs, with 168 and 26 on- and off-axis
targets, respectively. The sky distribution of our EGS FD is plotted
in Fig. 1 (top panel).

In order to assess the residual leakage signal level present in our
data, we formed Faraday spectra of our unpolarized on-axis leakage
calibrator (J1407+2827) using data from each of the seven observing
blocks. We find that the highest peak out of the seven Faraday spectra
is at a value of p = 0.024 ± 0.007 per cent, much lower than that of
all of our polarized target sources. Note that the weak polarization
signal we see from J1407+2827 here is likely due to polarization
bias stemming from random noise fluctuations (e.g. George et al.
2012), and therefore serves as an upper limit to the actual residual
on-axis leakage level.

Finally, we verified that our off-axis targets have not been signifi-
cantly affected by the off-axis instrumental polarization of the VLA.
All these sources are within 5 arcmin from their respective pointing
centres, with a mean distance of 3.2 arcmin. For the specific case
of the VLA in L band, off-axis instrumental polarization can reach
≈5 per cent at the half-power point of the primary beam (≈15 arcmin
away from the pointing centre), and is expected to manifest as
an instrumental polarized component with FD ≈ 0 rad m−2 (Jagan-
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Figure 1. EGS FD values from (top) our new VLA observations and (bottom) Van Eck et al. (2011) observations, both plotted as colour dots. The background
grey-scale map represents the WHAMSS Hα map (Haffner et al. 2003, 2010). The typical uncertainty of our new FD is about 2 rad m−2, while that of the
Van Eck et al. (2011) is about 10 rad m−2. The orange circle in the top panel outlines a prominent H II structure, G26.5, and EGSs within this circle were not
considered in our analysis (see Section 5.2).

nathan et al. 2017). If we approximate this off-axis instrumental
polarization beam pattern as a second-order polynomial, the expected
off-axis leakage level at 5 arcmin from the pointing centre would be
≈0.5 per cent. For our polarized off-axis targets (Table 2), we noted
that six of them have |FDnew| ≤ 0.5 · δFD0 ≈ 60 rad m−2, of which
NVSS J183603–005747 has the lowest pnew of 1.84 ± 0.13 per cent.
This is much higher than the 0.5 per cent we estimated above.
Therefore, we conclude that the FD values of our off-axis targets
are reliable.

5 D ISCUSSION

5.1 Comparisons with existing Faraday depth measurements

Out of our 168 polarized on-axis targets, 85 were also listed in the
Taylor et al. (2009) catalogue. Upon comparison between our derived
FDnew and their listed FDTSS09 (Fig. 2 top panel), we found that 32 out
of the 85 sources (almost 40 per cent) have the two values differ by
more than 500 rad m−2. This is most likely due to the nπ -ambiguity
issue of the Taylor et al. (2009) catalogue (see Ma et al. 2019a).
Furthermore, we noted two sources (NVSS J183220–103510 and
NVSS J183409–071802) that, despite being listed as polarized in the
Taylor et al. (2009) catalogue at 1.01 ± 0.05 and 0.85 ± 0.02 per cent,

respectively, were unpolarized in our new VLA observations (with
pnew lower than 6σ cut-offs of 0.24 and 0.12 per cent, respectively).
Such differences in fractional polarization can be attributed to the
off-axis instrumental polarization of the NVSS observations (see Ma
et al. 2019b). We conclude that if one relies solely on the Taylor
et al. (2009) FD values to study the Galactic magnetic field in this
particular sky area, the reliability of the results will likely be affected.

Furthermore, we compared our new FD values with those from
Van Eck et al. (2011) observations (FDVE11) for the 35 cross-
matched sources, as shown in Fig. 1 and the bottom panel of
Fig. 2. The two sets of measurements agree with each other
within error bars in general, except for two sources for which we
found significant differences (at >3σ ): NVSS J192233+071048
(FDnew = +196.8 ± 4.0 rad m−2; FDVE11 = +78.0 ± 20.0 rad m−2)
and NVSS J192458+130033 (FDnew = +524.5 ± 6.3 rad m−2;
FDVE11 = +435.0 ± 8.0 rad m−2). Both these sources were found
to exhibit Faraday complexities in our new data (see Appendix C of
Online Supporting Information), which we attribute as the cause of
the discrepancy between FDnew and FDVE11.

As can be seen in Fig. 1, our new observations have led to a much
higher polarized EGS source density than that of Van Eck et al.
(2011). Specifically, the source density over the entire region (20◦

≤ � ≤ 52◦ and |b| ≤ 5◦) has increased by almost a factor of five
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Large-scale B-field in the first Galactic quadrant 3105

Figure 2. Comparisons of EGS FD values between our new observations
and (top) Taylor et al. (2009) and (bottom) Van Eck et al. (2011). The error
bars are shown but in almost all cases are too small to be noticeable. The
grey solid lines are the lines of equality, and the dashed lines in the top panel
correspond to FD offsets by ±652.9 rad m−2 due to nπ -ambiguity in Taylor
et al. (2009).

(from their one source per 7.3 deg2 to our one source per 1.6 deg2),
with the longitude range of 20◦–40◦ seeing the largest improvement
from one source per 16.6 deg2 (total of 12 sources) to one source per
1.6 deg2 (total of 125 sources). This increase in polarized EGS count
enables our study of the complex large-scale magnetic fields in the
Milky Way disc, especially in the latitude dependence of FD.

Finally, we compared our FD values with those recently published
by Shanahan et al. (2019) as part of The H I/OH/Recombination
line (THOR) survey, conducted in L band with the VLA in C-array
configuration. Out of their 127 polarized compact sources in
39◦ < � < 52◦ and |b| < 1.◦25, we found a total of 10 cross-
matches, with most of them showing consistency in the two sets
of FD values. The two sources with significant differences in
FD are NVSS J190741+090717 (FDnew = +706.5 ± 0.9 rad m−2;
FDTHOR = +695 ± 1 rad m−2) and NVSS J192517+135919
(FDnew = +450.9 ± 2.1 rad m−2; FDTHOR = +424 ± 1 rad m−2).
Within the region where they found EGSs with extremely high |FD|
values (up to 4000 rad m−2; at 47◦ < � < 49◦ and |b| < 1.◦25), we
found no cross-matches because none of our target sources reside
there, likely due to a bias from our source selection caused by band-
width depolarization (see Section 2). However, this does not affect
our study of the Galactic-scale magnetic field here (see Section 5.7).

Figure 3. WHAM velocity-integrated Hα intensities (Haffner et al. 2003,
2010) against our newly derived EGS FD values. The 17 polarized EGSs
discarded due to their positioning behind the H II structure G26.5 are marked
as red.

5.2 Contamination by Galactic H II structures

Upon inspection of the Wisconsin H-Alpha Mapper Sky Survey
(WHAMSS) Hα map in Fig. 1, we identified a large (diameter ≈7◦)
H II structure centred at (�, b) = (26.◦5, −0.◦5) that contains smaller
H II regions such as Sh 2-59 and Sh 2-60. This H II structure, which
we call G26.5, appears to lead to an excess FD of ≈+300 rad m−2

for EGSs behind it compared to those in the immediate surroundings.
Galactic H II structures are known to lead to FD enhancements by ∼
100 rad m−2 in magnitude for background EGSs (e.g. Harvey-Smith
et al. 2011; Purcell et al. 2015), which we believe to be the case
as well for G26.5. Since the focus of our study is the Galactic-
scale magnetic field of the Milky Way, we decided to discard the 17
polarized EGSs (15 on-axis plus two off-axis) situated behind G26.5
as the FD values of these sources are likely contaminated by this H II

structure. As reference, we plotted the Hα intensity against |FDnew|
for our polarized target sources in Fig. 3. This results in a final list
of 177 EGS FD values (153 on-axis plus 24 off-axis) that we use for
our study below.

5.3 Faraday depth disparity across Galactic latitude

5.3.1 Identification from newly derived Faraday depths

An obvious feature in the spatial FD distribution can be identified
from Fig. 1 (top panel): a disparity4 of FD across the Galactic mid-
plane within 40◦ � � � 52◦. Within this longitude range, the median
FD values for sources above and below the Galactic plane are +550 ±
40 and +130 ± 50 rad m−2, respectively. We further performed a
Kolmogorov–Smirnov test (KS-test) with the null hypothesis being
that these two samples have the same FD distribution. The resulting
p-value is 4 × 10−9, strongly supporting that the FD distributions
on either side of the Galactic mid-plane are different. We note that
hints of the same structure can already be seen in the Van Eck et al.
(2011) data (Fig. 1, bottom panel), but was not explicitly pointed out
in their paper.

The boxcar-binned EGS FD profiles across � are shown in Fig. 4,
with the sources separated into above and below the Galactic plane.

4In this work, we mean by disparity a great difference, and is not directly
related to the technical terms of even/odd parity that we introduce below.
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Figure 4. Boxcar-binned FD profiles of our target EGSs across �, with the sources separated into above (red) and below (blue) the Galactic plane. A bin width
of 5◦ along � was adopted, with the profile sampled at a 2.◦5 interval. The shaded area represents the SEM of FD values in each bin.

By performing such spatial averaging of FD values, the FD profiles
represent the large-scale magnetic field of the Milky Way, since we
expect the FD contaminations from various sources (see below) to
be smoothed out by the spatial binning. We adopted a bin size along
Galactic longitude of 5◦, chosen as the smallest bin size with which
smooth FD trends along longitude could be seen, meaning that in
most bins there are enough data points for robust statistics. We veri-
fied that choosing slightly larger bin sizes (<10◦) would still give con-
sistent results. The FD profiles are sampled at a 2.◦5 interval. The solid
lines show the median FD within the moving 5◦ bin, while the shaded
areas represent the FD uncertainty. We calculated the FD uncertainty
as the standard error of median (SEM) of each individual bin:

SEM = 1.2533 · σ√
N

, (5)

where σ and N are the standard deviation and the number of FD
values in each bin, respectively. For our case here, σ accounts
for the contamination by the small-scale Galactic magnetic field
(∼100 rad m−2 over ∼1◦; e.g. Haverkorn et al. 2008; Stil et al. 2011),
the intrinsic FD of the EGSs (∼10–100 rad m−2; e.g. Schnitzeler
2010; Oppermann et al. 2015; Anderson et al. 2019), magnetic fields
in the intergalactic medium (�10 rad m−2; e.g. Vernstrom et al. 2019;
O’Sullivan et al. 2020), and the uncertainty of our measurements
(≈2 rad m−2). The use of SEM as our FD uncertainty implicitly
assumes that the above sources of FD contaminations are not spatially
correlated, which is not strictly the case for small-scale Galactic
magnetic field (see Haverkorn et al. 2008). We therefore warn that
our FD uncertainty can be slightly underestimated. Finally, we mask
out the FD profile of b < 0◦ in the Galactic longitude range of 25◦–
30◦, since within this range there is only one EGS remaining in the
5◦ bin after we discarded EGSs situated behind G26.5 (Section 5.2),
meaning that the uncertainty of the FD profile diverges there.

We can see a clear disparity in the two FD profiles in the Galactic
longitude range of 40◦–52◦, but not in 20◦–40◦. This immediately
shows that the distributions of the large-scale magnetic field and/or
the Galactic free electron number density are not symmetric on the
two sides of the Galactic mid-plane within the longitude range of
40◦–52◦. We further investigated this by plotting in Fig. 5 the FD
profile along Galactic latitude, considering sources in the longitude
range of 40◦–52◦ only (black line). Here, we used a boxcar bin width
of 2.◦5 along latitude, and sampled the FD profile at a 1◦ interval. If
the FD disparity occurs only beyond a certain Galactic latitude, say
at |b| > b0, we would expect the FD profile here to be symmetric
about b = 0◦ for |b| < b0, which is not what we found. Instead,
we see a steady increase in FD from ≈+100 rad m−2 at b = −3◦ to
≈+600 rad m−2 at b = +2◦, without signs of symmetry about b =

0◦. We further plotted the FD profiles in smaller longitude ranges
of 40◦–46◦ (magenta) and 46◦–52◦ (green), and found that they are
consistent with the picture above. We therefore conclude that the FD
disparity must begin at latitude of very close to 0◦.

5.3.2 Distance estimate from existing pulsar measurements

From the ATNF Pulsar Catalogue (version 1.60; Manchester et al.
2005),5 we obtained the FD values and distances of Galactic pulsars
within 40◦ ≤ � ≤ 52◦ and |b| ≤ 5◦. These measurements allow us to
trace how FD changes across physical distances (e.g. Noutsos et al.
2008; Han et al. 2018), and allow us to constrain where along our line
of sight the FD disparity occurs. We considered a total of 55 pulsars,
out of which 10 have independent distance estimates (e.g. parallax
or H I measurements, see Lorimer & Kramer 2012; Han 2017). The
remaining 45 have their distances inferred from their dispersion
measure (DM) values by assuming the Galactic thermal electron
distribution model of YMW16 (Yao, Manchester & Wang 2017),
which they showed gives more accurate pulsar distance estimates
than by assuming the NE2001 model (Cordes & Lazio 2002).

We plotted in Fig. 6 the FD against distance of these pulsars, similar
to the figures in Han et al. (2018) except that we have separated the
sources into above and below the Galactic mid-plane. From this, we
see that pulsars both above and below b = 0◦ follow the same trend
of increasing FD with distance up to ≈ 5 kpc, beyond which the FD
trends deviate. For pulsars above the mid-plane, the FD continues to
rise with increasing distance and eventually reaches the median EGS
FD there of +550 rad m−2. Meanwhile, pulsars below the mid-plane
show a large spread of FD values from −120 up to +730 rad m−2.
This can either be interpreted as a genuine increase in FD spread
due to a highly turbulent magneto-ionic medium in that sky region,
or that the pulsars are composed of two populations with a divide
at ≈+300 rad m−2. We favour the latter option for two reasons.
First, the population with FD < +300 rad m−2 shows a steadily
decreasing FD with increasing distance and eventually roughly
matches the median EGS FD of +130 rad m−2 there. This means
that the FD < +300 rad m−2 population could be representative of
the diffuse warm ionized medium towards this sky region, while
the pulsars with FD ≥ +300 rad m−2 can be regarded as a ‘peculiar’
population (see below). Secondly, we note that the population with
FD ≥ +300 rad m−2 shows a spatial clustering at 40◦ � � � 46◦ and
−1.◦5� b� 0◦ (Fig. 7), which is unexpected for the former option of a
genuine FD spread. We speculate from such spatial clustering that this

5Available on http://www.atnf.csiro.au/research/pulsar/psrcat/.
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Large-scale B-field in the first Galactic quadrant 3107

Figure 5. Boxcar-binned FD profile of our target EGSs across b for sources in 40◦ ≤ � ≤ 52◦ (black). We also considered two smaller subregions with longitude
ranges of 40◦–46◦ (magenta) and 46◦–52◦ (green). A bin width of 2.◦5 along b was adopted, with the profile sampled at a 1◦ interval. The shaded area represents
the SEM of FD values in each bin.

Figure 6. FD values of pulsars within 40◦ ≤ � ≤ 52◦ and |b| ≤ 5◦ across distance, obtained from the ATNF Pulsar Catalogue (Manchester et al. 2005). A
typical uncertainty of pulsar distances of 20 per cent has been assumed (e.g. Han 2017). The approximate locations of the Sagittarius, Perseus, and Outer spiral
arms along the line of sight are indicated. Our newly derived EGS FDs in the same sky region are plotted on the right against Galactic latitude, with the median
FD for above (+550 rad m−2) and below (+130 rad m−2) the Galactic mid-plane shown as the red and blue dashed lines, respectively.

Figure 7. Spatial distribution of the pulsars considered in Fig. 6. In particular, pulsars at distances of more than 5 kpc are shown as colour dots, and the rest are
shown as crosses. The background map shows Hα intensity from WHAMSS (Haffner et al. 2003, 2010).

‘peculiar’ pulsar population could be a manifestation of longitudinal
variations in FD, or these pulsars could be situated behind some
localized magneto-ionic medium.

Assuming the two-population option above, we ignored the
FD ≥ +300 rad m−2 population below the mid-plane. This led us

to the identification of the split in FD trends for pulsars above
versus below the Galactic plane at a distance of ≈ 5 kpc away from
us, hinting that the EGS FD disparity we discovered occurs in the
Sagittarius spiral arm. Additionally, the increasing (decreasing) FD
trends with distance for pulsars above (below) the mid-plane would
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Figure 8. Predicted FD maps of the large-scale magnetic field models of the Milky Way of (top) Sun et al. (2008), (middle) Van Eck et al. (2011), and (bottom)
Jansson & Farrar (2012). The thermal electron number density model of NE2001 (Cordes & Lazio 2002) has been adopted. The colour dots represent our newly
derived EGS FD values.

mean that the plane-parallel magnetic field direction changes across
the Galactic plane. However, we acknowledge the high uncertainty
in our interpretation here, as we are limited by the number of pulsars
with high accuracy FD and distance estimates beyond 5 kpc in this
sky region.

5.4 Performance of existing magnetic field models

We now proceed to assess the performance of three recent major
Milky Way magnetic field models, namely Sun et al. (2008), Van Eck
et al. (2011), and Jansson & Farrar (2012), by comparing their FD
predictions with our newly derived EGS FD values. The three models
were combined with the thermal electron number density model of
NE20016 (Cordes & Lazio 2002) to generate the FD predictions. We
first review these Galactic magnetic field models below.

6We repeated our investigation using the YMW16 model (Yao et al. 2017)
instead, and found that the conclusions are unchanged.

5.4.1 A brief review on the Galactic magnetic field models

First, the Sun et al. (2008) model7 (shortened as Sun08) was
developed using EGS FD measurements from the CGPS (Brown et al.
2003) and the Southern Galactic Plane Survey (SGPS; Gaensler et al.
2001; Brown et al. 2007). In particular, they used the NE2001 thermal
electron number density model, and adjusted the free parameters of
their large-scale magnetic field model to fit the predicted FD to the
observed EGS FD values. A large-scale magnetic field reversal has
been placed in a ring at Galactocentric radius of 6–7.5 kpc, with
the strength of the disc field diminishing exponentially at increasing
Galactic height. They have assumed that the disc field has an even
parity, meaning the plane-parallel magnetic field direction is the same
on either side of the Galactic plane. Meanwhile, their toroidal halo

7We consider their ASS+RING model, since it has been shown to better fit
to observations compared to their ASS+ARM and BSS models (Sun et al.
2008; Van Eck et al. 2011).
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Large-scale B-field in the first Galactic quadrant 3109

Figure 9. Comparisons between the boxcar-binned FD profiles along � of our observed values (black lines) and the predictions of the Sun et al. (2008, Sun08;
blue lines), Van Eck et al. (2011, VE11; red lines), and Jansson & Farrar (2012, F12; magenta lines) models. The three panels show the results from considering
(top) all EGSs, (middle) b ≥ 0◦ only, and (bottom) b < 0◦ only. The shaded area represents the SEM of the observed EGS FD values in each bin. Our newly
derived FD values of each individual EGS are marked as the black data points.

field has an odd-parity, meaning the plane-parallel magnetic field
flips in direction across the Galactic mid-plane.

Next, the Van Eck et al. (2011) model (shortened as VE11) was
based on their new FD measurements of 194 EGSs in the Galactic
plane, in addition to EGS FD values from both the CGPS (Brown
et al. 2003) and the SGPS (Brown et al. 2007). They have also adopted
the NE2001 model to fit to the EGS FD. Their study only focused
on the Milky Way disc field (i.e. no halo field component), which
was assumed to have an even parity and a constant field strength
along Galactic height out to ±1.5 kpc where the model has been
truncated. The field model is composed of three independent sectors
with different geometries. The region of interest in this paper resides
in their Sector C, within which they found a large-scale magnetic
field reversal ring at Galactocentric radius of 5.8–8.4 kpc from their
best-fitting results.

Finally, the Jansson & Farrar (2012) model (shortened as JF12)
is unique among the three models as it is the only one that has
implemented a vertical field component. It is comprised of the disc,
the toroidal halo, and the X-shaped halo components. Moreover, their
field model is more physically motivated than the others, as they have
implemented the divergence-free condition of magnetic fields, as well

as the X-shaped halo field as motivated by the observational results
from external edge-on galaxy studies (see e.g. Krause 2009). To
determine the best-fitting parameters of the large-scale magnetic field
model, they combined different information, namely (1) a substantial
list of FD measurements from the literature covering the entire sky,
(2) the K band (22 GHz) polarized synchrotron map of the Galactic
foreground from WMAP (Gold et al. 2011), (3) the NE2001 thermal
electron number density model, and (4) the Galactic cosmic ray den-
sity models from GALPROP (Strong et al. 2009) and WMAP (Page et al.
2007). The details of their disc field component, which is the focus
of our study here, were mainly constrained by the EGS FD values
from the CGPS (Brown et al. 2003), SGPS (Brown et al. 2007; Van
Eck et al. 2011) observations, and the Taylor et al. (2009) catalogue.

5.4.2 Performance of the models

We present the predicted FD maps of the three Milky Way magnetic
field models in Fig. 8. It is immediately apparent that both the
Sun et al. (2008) and Jansson & Farrar (2012) predictions exhibit
significant asymmetries across the Galactic mid-plane, since both
these models have implemented odd-parity halo field components.
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The Van Eck et al. (2011) FD prediction is reasonably symmetric
about the Galactic plane because they only considered an even-parity
disc field.

To facilitate comparisons between our newly derived EGS FD
values with the predictions by the three models, we collapsed the
Galactic latitude axis to generate boxcar-binned FD profiles along
Galactic longitude, as shown in Fig. 9. This is similar to what we
performed in Section 5.3. Specifically here, we used the sky positions
of our 177 polarized EGSs, and calculated the predicted FD values
at those exact locations according to the three magnetic field models.
This mitigates the possibility of sampling biases imposed by the
particular positions where our polarized EGSs were located. Next,
we evaluated the median FD values in the moving 5◦ longitude bin
sampled at a 2.◦5 interval, for our observed EGSs as well as the
model predictions. Note that the overlapping bins were only used
for plotting the smooth FD trends across longitude, and the model
evaluations below were performed with independent bins. The FD
profiles were generated considering (1) all EGSs, (2) b ≥ 0◦ only,
and (3) b < 0◦ only. We calculated the uncertainties of the observed
FD profiles as the SEM as in equation (5).

With the boxcar-binned FD profiles, we performed a quantitative
evaluation of the three Galactic magnetic field models. We obtained
the median FD in independent bins by re-sampling the FD profiles
at 5◦ interval from 22.◦5 to 47.◦5. For each bin, we compared our
observations with the three model predictions by evaluating

χ2 = (FDobs − FDmodel)2

σ 2
FD

, (6)

where FDobs is the observed FD median, FDmodel is the model FD
median, and σ FD is the SEM of the observed FD. Note that even if a
magnetic field model performs satisfactorily in a specific longitude
bin, its χ2 value can still deviate from unity because of random
fluctuations. However, one can compare the order of magnitude of
χ2 between the three models to assess their relative performance
in each longitude bin. Moreover, we calculated the average χ2

values for each model and latitude range combination over the six
independent longitude bins. This averaged χ2 should converge to
unity for a well-performing model and thus allows an evaluation of
the absolute performance of each model. We listed the results in
Table 3. It is obvious that the Van Eck et al. (2011) model performs
the best overall, especially for the case where we considered the
full Galactic latitude range (|b| ≤ 5◦; averaged χ2 = 3.90). For the
cases where we considered the two sides of the Galactic mid-plane
separately, however, the performance of the Van Eck et al. (2011)
model deteriorated slightly to averaged χ2 = 4.95 and 6.08 for above
and below the plane, respectively. This is because their model has
only considered an even-parity disc field, and therefore it failed to
capture the FD disparity that we identified.

5.5 Explanations to the Faraday depth disparity

In light of the unsatisfactory performance of the three Milky Way
magnetic field models in reproducing our newly derived EGS FD
values (Section 5.4), especially in the Galactic longitude range
of 40◦–52◦ where we discovered the FD disparity, we explored
alternative astrophysical scenarios.

5.5.1 Scenario I: Odd-parity large-scale Galactic disc field

The first scenario that can explain the EGS FD disparity is that some
regions in the Galactic disc host a large-scale magnetic field with odd
parity. Both odd- and even-parity magnetic fields can be generated

Table 3. χ2 values of the tested Galactic magnetic field models.

Galactic Magnetic field models
Longitude Sun08 VE11 JF12

All EGSs

20◦–25◦ 178.79 2.36 28.83
25◦–30◦ 21.74 10.87 0.03
30◦–35◦ 16.41 0.01 12.92
35◦–40◦ 107.74 0.09 0.68
40◦–45◦ 18.38 6.54 52.09
45◦–50◦ 8.11 3.53 94.14
(Average) 58.53 3.90 31.45

b ≥ 0◦

20◦–25◦ 271.32 0.66 84.58
25◦–30◦ 15.28 8.12 0.13
30◦–35◦ 33.76 0.50 15.80
35◦–40◦ 61.63 0.01 5.82
40◦–45◦ 21.61 0.87 37.29
45◦–50◦ 28.07 19.51 147.40
(Average) 71.95 4.95 48.50

b < 0◦

20◦–25◦ 16.91 1.83 22.17
25◦–30◦ – – –
30◦–35◦ 12.73 1.02 16.29
35◦–40◦ 24.22 0.23 7.41
40◦–45◦ 28.67 13.22 48.61
45◦–50◦ 1.88 14.08 11.17
(Average) 16.88 6.08 21.13

Note: The lowest χ2 value of each row is boldfaced.

in galaxies according to the α–� dynamo theory (e.g. Sokoloff &
Shukurov 1990; Brandenburg et al. 1992; Beck et al. 1996; Moss et al.
2010). For the case of the Galactic disc, an even-parity magnetic
field is expected from the dynamo theory (e.g. Ruzmaikin et al.
1988) and has been observationally found to be the case for the
local Galactic volume (Frick et al. 2001) and the Perseus spiral arm
(Mao et al. 2012). These have led to the common assumption of an
even-parity disc field in Milky Way magnetic field modelling efforts
(e.g. Sun et al. 2008; Van Eck et al. 2011; Jansson & Farrar 2012).
None the less, an odd-parity disc field can be generated under certain
conditions, such as a sufficiently thick galactic disc or a weak galactic
differential rotation (Ferrière 2005). It can also be generated in the
outskirts of galaxies as the result of turbulent pumping, galactic wind,
and/or flaring of the galactic disc (Gressel, Elstner & Ziegler 2013).

The FD disparity can be caused by the change in magnetic
field direction across the Galactic mid-plane of an odd-parity field,
assuming that the thermal electron distribution is symmetric about
b = 0◦. Such odd-parity field can either be the dominant component
occupying a Galactic volume, or it can be in superposition with
a stronger even-parity field. As revealed by the pulsar FD values
increasing (decreasing) with distance above (below) the mid-plane
in the longitude range of 40◦–52◦ (Section 5.3.2), the Sagittarius
arm could be hosting a dominant odd-parity field. The magnetic field
direction for above and below the mid-plane is pointing towards
and away from us, respectively. This suggests that the well-known
large-scale field reversal of the Sagittarius arm occurs on one side of
the Galactic mid-plane only, as the result of an odd-parity magnetic
field there. Given the information that we have, this is our favoured
scenario over the other two described below.
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5.5.2 Scenario II: Contributions from the odd-parity Galactic halo
field

The second scenario is that the FD disparity is caused by the odd-
parity magnetic field in the Milky Way halo. Such magnetic field
structure is the preferred configuration from α–� dynamo of spher-
ical objects such as galactic haloes (e.g. Sokoloff & Shukurov 1990;
Moss et al. 2010), and has indeed been suggested observationally
to be the case for the Milky Way (e.g. Han et al. 1997; Sun et al.
2008; Taylor et al. 2009). The change in magnetic field direction of
the halo field on either side of the Galactic plane can then lead to the
observed FD disparity.

We first investigated the possibility of this scenario by considering
at what Galactic height the halo field would become dominant. As
noted from the FD profile across Galactic latitude (Fig. 5), the FD
disparity begins at very close to b = 0◦. By adopting a generous upper
limit of |b| = 1◦ where the halo field starts to show appreciable effects
on our FD profile, and a distance of 5 kpc away from us where the FD
disparity occurs (Secrion 5.3.2), this scenario requires the halo field to
emerge at a Galactic height of no more than ≈90 pc. It is challenging
to reconcile this with the case study of the Perseus spiral arm (Mao
et al. 2012), which showed from their EGS FD profile along Galactic
latitude that the magnetic disc–halo transition occurs at a much higher
Galactic height of ∼540 pc in the Perseus arm. Furthermore, as we
do not see significant differences in the FD profile in the Galactic
longitude range of 20◦–40◦, this scenario would further require the
halo field to have negligible FD contributions there, or an even-parity
halo field in this longitude range.

In addition, we looked into whether the halo field prescriptions of
the Sun et al. (2008) and Jansson & Farrar (2012) models can explain
the FD disparity. Both these models include odd-parity halo fields
that fill the entire Galactic volume. For reference, at a Galactocentric
radius of 8.5 kpc and Galactic height of 500 pc (i.e. in the solar
neighbourhood near the magnetic disc–halo transition region), the
Sun et al. (2008) and Jansson & Farrar (2012) halo fields have
magnetic field strengths of 0.3 and 0.9μG, respectively. We plot in
Fig. 10 the predicted FD maps using only the halo field components
of the two magnetic field models (i.e. the disc field components have
been removed). Although both halo field models do indeed predict
FD disparities in Galactic longitude range of 40◦–52◦, the same is
also expected to occur in the longitude range of 20◦–40◦. This latter
FD disparity is not seen in our newly derived FD values.

With only the halo component of the two models, we further
generated the boxcar-binned FD profiles along Galactic latitude in
the longitude range of 40◦–52◦, as shown in Fig. 11. We again chose
a bin width of 2.◦5 and a sampling step size of 1◦, and applied a
y-offset of −280 rad m−2 to the observed FD profile to centre it at
FD ≈ 0 rad m−2. This is because we are interested in comparing the
profile shapes and amplitudes of the observed and predicted FD
disparities. From the similarities in the functional forms between the
observed and predicted FD profiles, we suggest that the Galactic halo
field remains a plausible explanation to the observed FD disparity.
However, we argue that the exact implementations of the two halo
field models investigated here are insufficient, since (1) they cannot
reproduce the amplitude of the FD disparity in 40◦ ≤ � ≤ 52◦, and
(2) they cannot explain the absence of FD disparity in 20◦ ≤ � ≤ 40◦.

5.5.3 Scenario III: Contamination by ionized structures

In the above two scenarios, we attributed the FD disparity to asymme-
tries in the magnetic field across the Galactic mid-plane. In this final
scenario, we consider the case where the FD disparity is caused by

differences in thermal electron number density on either side of the
Galactic plane due to discrete ionized structures. Such structures will
have an angular extent of �10◦ along the Galactic longitude, which
we could not identify from careful inspections of the WHAMSS Hα

map (Haffner et al. 2003, 2010), as well as the extinction-corrected
Hα map of Finkbeiner (2003). The mean extinction-corrected Hα

intensities in 40◦ ≤ � ≤ 52◦ are 4.40 and 4.35 Rayleighs for above and
below the Galactic mid-plane, respectively. In addition, we looked
into the H I map of the Effelsberg–Bonn H I Survey (Winkel et al.
2016), the Stokes I map of the Sino-German 6 cm Polarization Survey
(Sun et al. 2011), and the WISE H II region catalogue (Anderson et al.
2014), but could not locate any corresponding structures of interest.

Finally, we noted a nearby H I bubble centred at (�, b) ≈ (45◦,
25◦) with an angular diameter of ≈40◦ that was found to have
FD contribution of 10–100 rad m−2 in the Global Magneto-Ionic
Medium Survey (Wolleben et al. 2010). It is unlikely that the FD
disparity we found is due to contaminations by this H I bubble, as the
Wolleben et al. (2010) FD map suggests a minimal FD contribution
of � 10 rad m−2 in magnitude within our region of 40◦ ≤ � ≤ 52◦

and |b| ≤ 5◦.

5.6 Refining the Van Eck et al. (2011) model

Building upon the idea of an odd-parity disc field in the Sagittarius
arm (Section 5.5.1), we attempt to improve the Van Eck et al. (2011)
model by allowing the possibility of an odd-parity disc field and re-
fitting it to newly available data. The Van Eck et al. (2011) model is
chosen here because it was found to perform the best overall within
the region that we studied (Section 5.4). We only further develop
their Sector C that covered Galactic longitude range of 20◦–100◦.

Most aspects of the skeleton of their model have been preserved,
which we list in this paragraph as a summary. Starting from a
Galactocentric radius (R) of 3 kpc, the Galactic volume is divided
into five ring-shaped regions numbered 1–5 out to R = 20 kpc, with
boundaries between these regions located at R = 5.0, 5.8, 7.2, and
8.4 kpc. There is no modulation of field strength along Galactic
height, and there is also no radial dependence of field strength within
each region except for region 5, where it falls off by R−1. A magnetic
pitch angle of 11.◦5 has been adopted for regions 2–4, while for
regions 1 and 5 the pitch angle is 0◦. We show in Fig. 12 a schematic
picture of this model.

Meanwhile, we made several modifications to their model. First,
while they truncated their magnetic field model at Galactic height of
±1.5 kpc, we extended this cut-off height slightly to ±2.0 kpc. This
is to accommodate the few EGSs at the lowest Galactic longitude
(� ≈ 20◦) and the highest latitude (b ≈ ±5◦), since otherwise the
sightlines towards these sources will reach the cut-off height before
passing the outer limit of R = 20 kpc. Secondly, we incorporated all
components of the NE2001 model (Cordes & Lazio 2002) instead
of only the smooth components. Finally, while Van Eck et al. (2011)
have assumed even-parity in all five regions, we only did so for
regions 1, 2, and 5. The symmetry of magnetic field across the
Galactic mid-plane for regions 3 and 4 are chosen differently for the
different models investigated (see below).

We supplemented our 177 newly derived EGS FD values in the
Galactic longitude range of 20◦–52◦ with the EGS FDs from the 2020
data release of the CGPS compact source catalogue (CGPS2020; Van
Eck et al. in preparation) that covered 53◦ ≤ � ≤ 193◦ and −3◦ ≤
b ≤ +5◦. For our purpose, we only included the 622 CGPS EGSs
within the longitude range of 53◦–100◦. The CGPS2020 data were
obtained from observations with the Dominion Radio Astrophysical
Observatory Synthesis Telescope in four frequency bands centred

MNRAS 497, 3097–3117 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/497/3/3097/5873678 by guest on 20 April 2024



3112 Y. K. Ma et al.

Figure 10. Predicted FD contribution maps of the halo field component of (top) Sun et al. (2008) and (bottom) Jansson & Farrar (2012) models.

Figure 11. Comparisons between the boxcar-binned FD profiles along b of our observed values (black) and the predictions of the halo field component of Sun
et al. (2008, blue) and Jansson & Farrar (2012, magenta) models. Only sources in 40◦ ≤ � ≤ 52◦ were considered. A y-offset of −280 rad m−2 has been applied
to the observed FD profile. The shaded area represents the SEM of FD values in each bin.

at 1407.2, 1414.1, 1427.7, and 1434.6 MHz, with bandwidths of
7.5 MHz each (Landecker et al. 2010). Our new combined data set
thus contains 799 EGS FD values, which is a significant improvement
from the 378 used by Van Eck et al. (2011) in modelling the same
Sector C. However, we did not incorporate pulsar FD measurements
in our fitting procedures.

We investigated a total of six different models. The first three
are ‘odd-parity’ models, which have odd-parity magnetic fields in
specified regions and even-parity magnetic fields in the remaining
regions. Specifically, the model ‘Odd 3’ has odd-parity field in region
3 (i.e. the magnetic field in this region has the same magnitude but
opposite direction across the mid-plane), the model ‘Odd 4’ has odd-
parity field in region 4, and the model ‘Odd 3+4’ has odd-parity

fields in both regions 3 and 4. We further relaxed the symmetry
constraint in our next three ‘free’ models, with the magnetic field
strength and direction on either side of the Galactic mid-plane in the
specified ‘free’ regions fitted independently. This can be thought of
as a superposition of an even- and an odd-parity fields in a region. The
model ‘Free 3’ has region 3 set as such ‘free’ region (while regions
1, 2, 4, and 5 have even-parity fields), and similarly for the ‘Free 4’
and ‘Free 3+4’ models. Note that regions 3 and 4 are situated at the
Sagittarius arm, which is the reason that we modified their magnetic
field symmetries in the models explored here.

For each model, we determined the best-fitting values of the free
parameters (namely, the magnetic field strength and direction in
each region) by the Markov Chain Monte Carlo (MCMC) method.
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Figure 12. Ring regions definition of our models following Sector C of
Van Eck et al. (2011), looking down on to the Galactic disc from the North
Galactic Pole. The regions 1–5 are labelled, with the location of the Sun in
the Milky Way marked by the symbol 
. The eye symbol shows the vantage
point of the edge-on illustration of Fig. 14. The background grey-scale map
shows the smooth component of NE2001 model.

Specifically, we used a PYTHON implementation of EMCEE (Foreman-
Mackey et al. 2013) here. We first binned our 799 EGS FD values
across Galactic longitude in 5◦ independent bins, centred at � =
22.◦5, 27.◦5, ..., 97.◦5. The median of each bin was taken as the binned
value, with the SEM (equation 5) adopted as the uncertainty. Such
binning was performed independently for either side of the Galactic
mid-plane. Next, we adjusted the free parameters and calculated
the resulting predicted FD value of each bin. The performance
of the set of free parameters is then evaluated by comparing the
predicted with the actual FD values, simultaneously on the two
sides of the Galactic mid-plane. Specifically, we adopted a likelihood
function assuming Gaussian measurement uncertainties. We further
chose a prior of uniform distribution within ±10μG for all free
parameters (i.e. constraining the magnetic field strength in all regions
to within 10μG). We initiated the runs for each model with 16
walkers randomly positioned in the parameter space (by uniform
distribution within the constraint set by the prior), and proceeded
for a variable number of steps depending on the complexity of each
model. The auto-correlation time for each case was determined,8 and
we discarded 10 times that as the initial burn-in steps. In all cases, we
are left with usable number of steps of more than 100 times the auto-
correlation time, and more than 10 000 steps times 16 walkers from
which we determine the best-fitting results. We noted that all the best-
fitting values have highly symmetric uncertainties, and therefore we
do not report asymmetric error bars (see Appendix D in the Online
Supporting Information).

We list the best-fitting values of all parameters for each model,
alongside with those from the Van Eck et al. (2011) model as
comparison, in Table 4. Regions 3 and 4 are further divided into

8We determined the auto-correlation time using the EMCEE function
get autocorr time(), following the EMCEE tutorial https://emcee.read
thedocs.io/en/stable/tutorials/line/.

subregions a and b, representing above and below the Galactic
mid-plane, respectively. As mentioned above, the magnetic field
strength in region 5 is modulated by R−1, and thus we choose to
report the field strength in this region at R = 8.5 kpc. We follow
the convention defined by Van Eck et al. (2011) that, positive and
negative magnetic field strengths denote counter-clockwise (CCW)
and CW field directions, respectively, when viewed from the North
Galactic Pole. In the same table, we also list the degrees of freedom
(dof) of the models, as well as χ2

red defined as

χ2
red =

N∑
i

(FDobs,i − FDmodel,i)2

(N − dof) · σ 2
FD,i

, (7)

where i is the index for the N = 51 independent bins, and the
remaining parameters as defined in equation (6). A smaller χ2

red

value indicates a better performing model. Note that χ2
red values

of much larger than unity can either signify inadequacies in the
large-scale magnetic field in our models, or it can be attributed to
the turbulent interstellar medium. Although we attempted to account
for the latter through σ FD, i, we did not model the power-law nature
of such turbulent interstellar medium (Haverkorn et al. 2008; Stil
et al. 2011) in our study here. We further plot the predicted FD
profiles along Galactic longitude for all models in Fig. 13 for visual
comparisons.

It is evident that models Odd 4, Free 3, Free 4, and Free 3+4 show
better fit to the data than that of Van Eck et al. (2011), suggesting
that our hypothesis of an odd-parity disc field in the Sagittarius arm
is indeed improving the model of the Milky Way magnetic field.
However, the models are still not deemed a satisfactory fit to our
data, given the high χ2

red > 3.5 for all cases. In particular, we point
out that none of the models can capture the FD ≈ +600 rad m−2

peak at � ≈ 40◦–50◦ above the Galactic mid-plane. None the less,
the results here serve as an important step towards a major future
improvement in the model of the Milky Way magnetic field. Upon
inspection of the FD profiles of the model Odd 3, we find that it does
not only predict FD disparity over � ≈ 40◦–52◦, but also over a wide
range of � ≈ 20◦–60◦. This clearly shows that with the geometry of
region 3 defined by Van Eck et al. (2011), one cannot simply impose
an odd-parity field there to obtain FD disparity that starts from � =
40◦. Similarly for model Odd 4, we see FD disparity in longitude
range of about 55◦–80◦. These strongly suggest that if one were to
further improve the Van Eck et al. (2011) model in the future, its
geometry (namely, the shape of the individual regions, the locations
of the region boundaries, and/or the magnetic pitch angles) must be
modified to obtain better fit to data. Another possibility is to rebuild
the Van Eck et al. (2011) model using the YMW16 thermal electron
distribution model instead, which is beyond the scope of this paper.

5.7 Connections to other FD grid experiments

In the past few years, there have been significant efforts in shedding
new light on the complex large-scale magnetic fields in the first
Galactic quadrant. Ordog et al. (2017) have shown, from CGPS FD
data of both Galactic diffuse emission and EGSs, that there is a
clear FD gradient across a diagonal line from (�, b) = (67◦, +4◦)
to (56◦, −2◦). This is similar to the FD disparity we identified in
this paper, which can be seen as an FD gradient across the Galactic
mid-plane. Given the spatial proximity and similar nature of these
two structures, it is possible that the two are physically linked. It
has been shown by magnetohydrodynamics (MHD) simulations of
the global Galactic disc magnetic field (Gressel et al. 2013) that,
magnetorotational instabilities can cause the interface of an odd-
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Table 4. Best-fitting results for the tested new models.

Magnetic field strength (μG)
Model name Region 1 Region 2 Region 3a Region 3b Region 4a Region 4b Region 5 dof χ2

red

VE11 − 0.15 ± 0.04 − 0.40 ± 0.01 +2.23 ± 0.13 +2.23 ± 0.13 +0.09 ± 0.05 +0.09 ± 0.05 − 0.86 ± 0.09 5 6.18
Odd 3 +0.04 ± 0.03 +0.35 ± 0.10 +0.83 ± 0.08 − 0.83 ± 0.08 +0.84 ± 0.11 +0.84 ± 0.11 − 0.96 ± 0.10 5 10.35
Odd 4 − 0.02 ± 0.03 − 0.37 ± 0.12 +1.56 ± 0.10 +1.56 ± 0.10 +0.61 ± 0.08 − 0.61 ± 0.08 − 0.68 ± 0.07 5 4.82
Odd 3+4 +0.04 ± 0.03 +0.39 ± 0.10 +0.66 ± 0.09 − 0.66 ± 0.09 +0.56 ± 0.08 − 0.56 ± 0.08 − 0.46 ± 0.06 5 10.30
Free 3 − 0.02 ± 0.03 − 0.41 ± 0.12 +1.96 ± 0.12 +0.82 ± 0.15 +0.52 ± 0.11 +0.52 ± 0.11 − 0.98 ± 0.09 6 5.12
Free 4 − 0.02 ± 0.03 − 0.33 ± 0.11 +1.47 ± 0.11 +1.47 ± 0.11 +1.03 ± 0.13 − 0.12 ± 0.15 − 0.95 ± 0.10 6 4.51
Free 3+4 − 0.01 ± 0.03 − 0.37 ± 0.12 +1.76 ± 0.12 +0.97 ± 0.15 +0.90 ± 0.13 0.00 ± 0.15 − 0.96 ± 0.10 7 3.87

Note: For region 5, the magnetic field strength is modulated by R−1, with the listed field strength above being that at R = 8.5 kpc.

Figure 13. Predicted boxcar-binned FD profiles along � for the different new models for (top) above and (bottom) below the Galactic mid-plane. The observed
EGS FD profiles and the predicted profiles of Van Eck et al. (2011) model are similarly plotted.

parity field to rise and fall through the Galactic mid-plane across
Galactic azimuthal angle (‘undulations’; see their fig. 10). This serves
as a possible connection between the two FD gradients. Moreover,
an alternative interpretation of the Ordog et al. (2017) structure is
that it traces the large-scale magnetic field reversal in the Sagittarius
arm. This echoes the Odd 4 and Free 4 models that we presented
in Section 5.6, which suggests a similar diagonal interface for the
large-scale magnetic field reversal (see Fig. 14). Future dedicated
simulation efforts are required to gain a full, accurate understanding
in the physical nature of and connection between the Ordog et al.
(2017) FD gradient and our FD disparity.

In addition, the THOR survey has recently uncovered an unex-
pectedly high FD (up to ≈ 4000 rad m−2 in magnitude) through
the tangent of the Sagittarius arm within |b| < 1.◦25 (Shanahan
et al. 2019), likely tracing a compressed warm ionized medium
in that spiral arm. Meanwhile, our work probing up to |b| =
5◦ towards the same spiral arm has discovered the FD disparity.
These two complementary studies together paint a vibrant picture
of the complex magneto-ionic medium in the Sagittarius arm. An
investigation in how these two regimes are connected would require

a much denser FD grid than is currently available. This could
be achieved by on-going polarization surveys such as POSSUM
(Gaensler et al. 2010) and VLASS (Myers, Baum & Chandler 2014;
Lacy et al. 2020).

6 C O N C L U SIO N

In this paper, we have conducted new broad-band spectro-
polarimetric observations with the VLA to study the large-scale
magnetic field near the Milky Way mid-plane (|b| ≤ 5◦) in the
Galactic longitude range of 20◦–52◦. The FD values of a total of 194
EGSs (168 on-axis plus 26 off-axis) have been determined, out of
which 177 (153 on-axis plus 24 off-axis) were used for this study. Our
effort has led to a significant increase in the number of reliable FD
values by a factor of 5 in this complex Galactic region, leading to our
discovery of a clear disparity in FD values across the Galactic mid-
plane in the longitude range of 40◦–52◦. We do not see similar FD
disparities in the longitude range of 20◦–40◦. From existing pulsar
FD measurements, we found hints that the FD disparity occurs at a
distance of ≈ 5 kpc away from us, corresponding to the Sagittarius
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Figure 14. Edge-on view through our Odd 4 and Free 4 models from the vantage point marked in Fig. 12. In each region, the line-of-sight magnetic field
direction is marked (see the legend on the right). Interfaces of large-scale field reversals are denoted by the two grey dashed lines. Both these models depict a
diagonal interface of field reversal, similar to the conclusion of Ordog et al. (2017).

spiral arm that has been known to host a large-scale magnetic field
reversal.

We further performed rigorous comparisons between our newly
derived EGS FD values with the predictions of three major large-
scale magnetic field models of the Milky Way – Sun et al. (2008)
ASS+RING, Van Eck et al. (2011), and Jansson & Farrar (2012),
combined with the thermal electron number density model of
NE2001 (Cordes & Lazio 2002). Our conclusion is that the Van
Eck et al. (2011) model can best match our measured FD values
overall. However, we also noted a short-coming of this model,
namely it has assumed a priori that the large-scale Galactic disc
magnetic field has an even parity everywhere. It therefore could not
adequately fit to the observed FD values in the longitude range of
40◦–52◦ when we considered the two sides of the Galactic mid-plane
separately.

Given the unsatisfactory performance of the above magnetic field
models, we considered three astrophysical scenarios that could have
led to this newly discovered FD disparity:

(i) Scenario I: the large-scale disc field in the Sagittarius arm
can have an odd parity, either as the dominant component or in
superposition with a stronger even-parity field;

(ii) Scenario II: an odd-parity halo field contributes significantly
to our EGS FD values, causing the FD disparity; or

(iii) Scenario III: some Galactic ionized structure contaminates
the FD values of our target EGSs either above or below the Galactic
plane.

We favour Scenario I given the currently available information,
since Scenario II would require the odd-parity halo field to show
appreciable effects at a very low Galactic height of � 90 pc in 40◦

≤ � ≤ 52◦ only. We could not identify notable structures in Hα, H I,
or 6 cm radio continuum maps, or in the WISE H II region catalogue
that would support Scenario III.

Finally, we pursued an improved Van Eck et al. (2011) model by
relaxing the even-parity field constraint. From this, we developed
new models that showed better fit to the observed EGS FD values
than the Van Eck et al. (2011) model. This will serve as an important
step towards major future improvements in magnetic field models of
the Milky Way.

Our study adds to the recent rapid progress in our understanding of
the Galactic-scale magnetic fields in the first quadrant of the Milky
Way, prompting the development of a vastly improved magnetic field
model. On-going and future radio polarization surveys will certainly
further shed light on the complex magnetic field structure of the
Galaxy. As the next step, we will repurpose this same data set to
study the small-scale Galactic magnetic field in this same sky region
in a future publication (Ma et al. in preparation).
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Winkel B., Kerp J., Flöer L., Kalberla P. M. W., Ben Bekhti N., Keller R.,
Lenz D., 2016, A&A, 585, A41

Wolleben M. et al., 2010, ApJ, 724, L48
Yao J. M., Manchester R. N., Wang N., 2017, ApJ, 835, 29

SUPPORTING INFORMATION

Supplementary data are available at MNRAS online.

Table S1. List of spatially blended sources.
Table S2. List of discarded sources.
Table S3. Total intensities and spectral indices of on-axis targets.
Table S4. Total intensities and spectral indices of off-axis targets.
Figure S1. Faraday spectra of the on-axis sources, with the science
targets sorted by Galactic longitude and followed by the on-axis
polarization leakage calibrator J1407+2827.

Figure S2. Faraday spectra of the off-axis sources, sorted by Galactic
longitude.
Figure S3. MCMC corner plot for the model Odd 3.
Figure S4. MCMC corner plot for the model Odd 4.
Figure S5. MCMC corner plot for the model Odd 3+4.
Figure S6. MCMC corner plot for the model Free 3.
Figure S7. MCMC corner plot for the model Free 4.
Figure S8. MCMC corner plot for the model Free 3+4.

Please note: Oxford University Press is not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 497, 3097–3117 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/497/3/3097/5873678 by guest on 20 April 2024

http://dx.doi.org/10.1051/0004-6361/201527007
http://dx.doi.org/10.1088/2041-8205/724/1/L48
http://dx.doi.org/10.3847/1538-4357/835/1/29
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/staa2105#supplementary-data

